NANO ETTERS
pubs.acs.org/NanoLett

Modulating the Electronic Properties along
Carbon Nanotubes via Tube—Substrate
Interaction

Jaqueline S. Soares,” Ana Paula M. Barboza, Paulo T. Araujo,” Newton M. Barbosa Neto, ¥
Denise Nakabayashi,” Nitzan Shadmi,® Tohar S. Yarden,3 Ariel Ismach,? Noam Geblinger,3
Ernesto ]oselevich,§ Cecilia Vilani," Luiz G. Cancado,™* Lukas Novotny,* Gene Dresselhaus,
Mildred S. Dresselhaus,"’ Bernardo R. A. Neves,’ Mario S. C. Mazzoni,T and Ado Jorio*’T

#

TDepartamento de Fisica, Universidade Federal de Minas Gerais, Belo Horizonte, MG, 31270-901, Brazil, TInstituto
de Fisica, Universidade Federal de Uberlandia, Uberlandia, MG, 38400-902, Brazil,  Department of Materials and
Interfaces, Weizmann Institute of Science, Rehovot, 76100, Israel, "Divisao de Metrologia de Materiais, Instituto
Nacional de Metrologia, Normalizagao e Qualidade Industrial INMETRO), Duque de Caxias, RJ, 25250-020, Brazil,
LInstitute of Optics, University of Rochester, Rochester, New York 14627, United States, *Francis Bitter Magnet
Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States, and
VDepartment of Physics and Department of Electrical Engineering and Computer Science, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, United States

ABSTRACT We study single wall carbon nanotubes (SWNTs) deposited on quartz. Their Raman spectrum depends on the
tube—substrate morphology, and in some cases, it shows that the same SWNT-on-quartz system exhibits a mixture of semiconductor
and metal behavior, depending on the orientation between the tube and the substrate. We also address the problem using electric
force microscopy and ab initio calculations, both showing that the electronic properties along a single SWNT are being modulated via
tube—substrate interaction.
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ingle wall carbon nanotubes (SWNTs) are quasi-one- Carbon nanotubes were grown by catalytic chemical

dimensional structures consisting of a rolled up vapor deposition (CVD) on miscut single-crystal quartz

graphene nanoribbon.'~* Due to their unusually large wafers, as previously reported.'” The resulting vicinal a-SiO,
surface-to-volume ratio, SWNTSs are strongly affected by the (1101) substrate is insulating, and terminated with parallel
environment.® Contact with a supporting substrate modifies atomic steps.'” At the temperature of nanotube growth, the
their properties, and such interactions have been broadly surface contains exposed unpassivated Si atoms,?* thus
studied as either a drawback or a solution for developing promoting a strong tube—substrate interaction, especially
nanotube-based nanotechnologies.®”*> Researchers have for when the nanotube lies along a step.®'>~'® Alternatively,
example studied the interaction of SWNTs with silicon when the nanotube lies across the surface steps, the interac-
substrates®®**!>" 1! as a possible route for the integration tion is discontinuous and weaker. Nanotube epitaxy com-

between SWNTs and silicon-based microelectronics. Ab
initio calculations for small diameter SWNTs adsorbed on
unpassivated Si surfaces predict stable structures through the
formation of covalent Si—C bonds.*'?~'® Other substrates
have also been studied,'"'7*°7*? with quartz becoming
identified as a promising substrate for the epitaxial growth
of SWNTs.'7?°722 With the development of nanotube epit-
axy combined with the controlled application of external
forces, which can generate complex carbon nanotube

bined with gas flow directed growth'”-*°7%* leads to the
formation of carbon nanotube serpentines (see Figure 1a,b),
i.e., SWNTs with parallel straight segments (labeled S;, S,,
Ss, ..., in Figure 1b) connected by alternating U-turns (labeled
Uiz, Uas, Usg, ..., in Figure 1b). The straight segments usually
lie along the quartz steps, while the U-turns lie across the
steps (see Figure 1b), so that the tube—substrate interaction
is modulated along the tube.

structures,'”*°7?? the effect of nanotube—substrate interac- The main physical effects that have to be revealed and
tion can be controlled and measured along the same physical studied in this tube—substrate system are strain and charge
nanotube, as reported here. transfer and how these effects vary when changing the

orientation between the nanotube and the quartz surface

steps. Strain depends not only on the tube—substrate inter-
* To whom correspondence should be addressed, adojorio@fisica.ufmg.br. . b I hed . fth ine f .
Received for review: 09/14/2010 action but also on the dynamics of the serpentine formation
Published on Web: 11/04/2010 process, which involves a competition between the tube—
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FIGURE 1. Raman spectra along a SWNT serpentine on (1101) quartz. (a) Confocal image of the G-band integrated intensity (Ejaser = 1.96 €V,
spatial resolution ~500 nm). The spectral intensity is stronger in segments aligned along the steps because of the light polarization dependence
for Raman scattering (the light was polarized along the tube axis).?® Changing the light polarization with respect to the sample changes the
overall intensities but does not change the Raman lineshapes. (b) Schematics of part of the SWNT serpentine in (a) (yellow) on top of the
miscut quartz. Miscut means the quartz was polished with a small angle with respect to the atomic layers, so that the substrate exhibits
atomic steps (gray lines). The straight segments are labeled by S;, withi =1, 2, 3, ..., numbering the segments according to the growth direction
(from point 1 to 41 in (a) (see Supporting Information)). The U-turns are labeled by Uj, which are the U-turns connecting segments S; and Sg.
(c) The G-band Raman spectra obtained at the 41 points indicated by vertical green pointers and numbered in (a). There is a blue shift and
red shift of the higher frequency G* feature (~1590—1605 cm ') along with the appearance and disappearance of the lower frequency G~
feature (~1540 cm™'), related to the tube—substrate morphology and interaction.

surface interaction and the gas-flow-related drag forces.'”
Raman spectroscopy is the ideal tool for analyzing the
tube—substrate interaction without disturbing the tube—
surface interaction.”® Analysis of the tangential stretching
mode frequency and line shape (named the G band, at
1500—1600 cm™!, see Figure 1¢)*® can be used to measure
strain®®~*® and doping®”~' and to distinguish between
metallic and semiconducting tubes,?” because of the pres-
ence of a Kohn anomaly in the phonon dispersion of metallic
SWNTs.?°7?? In addition, frequency shifts of the dominant
second-order mode (G’ band, at 2600—2700 cm ™) can also
be used to differentiate between electron donor (n) and
acceptor (p) doping, even at the individual single atom
doping level.”” These aspects of Raman spectroscopy are
exemplified in the three representative Raman spectra
shown in Figure 2. Spectra (a) and (b) were taken at different
locations of the same nanotube, whereas spectrum (c) was
taken on a different nanotube. The G-band features in
spectrum (a) are typical of a semiconducting SWNT, with two
sharp Lorentzian peaks,?® G™ and G™. The G-band features
in spectrum (c) are typical of a metallic nanotube,?® with a
large downshift and broadening of the G~ peak. The G band
features in spectrum (b) show a superposition of metal and
semiconducting behavior. Spectra (a) and (c¢) both show a
G’ band with a single peak, while spectrum (b) shows a
splitting of the G” band. According to ref 33, the shifts in the
G’ band features between spectra (a) and (c) can be ex-
plained by doping, which can cause either an upshift or
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FIGURE 2. Spectroscopic analysis of two SWNT serpentines grown
on quartz. (a) and (b) come from the same serpentine in Figure 1a,
differing with regard to the tube orientation with respect to the
substrate, i.e., across (S, in Figure 1b) vs along (Ss in Figure 1b) the
surface steps, respectively. Spectrum (a) exhibits a G band with a
line shape typical of a semiconducting SWNT. Spectrum (b) exhibits
a G band with a line shape showing a mixture of lineshapes typical
of semiconducting (blue Lorentzians) and a metallic (red Lorentz-
ians) SWNT behavior. Note that the G” peak splits in (b). (c) The G
and G’ bands of a different serpentine SWNT exhibiting a G band
with a metallic character, irrespective of tube orientation with regard
to the substrate steps.

downshift due to doping, with respect to spectra (a) and (c).
The surprise is that the spectra (a) and (b) were measured
from one single SWNT serpentine on quartz, the one shown
in Figure 1. The difference between (a) and (b) in Figure 2 is
that, in (b) the tube lies along the surface steps, while in (a)
the tube lies across the steps.
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FIGURE 3. Strain and doping effects on the SWNT G and G’ Raman bands. (a) Relation between g and o for the SWNT serpentine shown in
Figures 1 and 2a,b. When the tube is making the U-turn, the G’ band exhibits a single peak, named G’;, while the G band exhibits two peaks,
characteristic of a semiconducting SWNT. When the tube is aligned along a substrate step, the G” band exhibits two peaks, named G, and G’s,
while the G band exhibits four peaks, two characteristic of a semiconducting SWNT (blue symbols) and two characteristic of a metallic SWNT
(red symbols). Not all the 41 G band data sets from Figure 1 are shown here because the G’ band is absent in 12 cases. (b) The G frequency
of semiconducting SWNTs (LO mode) observed at the 41 points shown in Figure 1a is plotted as a function of the distance s from point #1
measured along the SWNT. S; and Uj locate the center of the straight segments and U-turns, respectively (see Figure 1b), showing that the

frequency changes are correlated with the tube—substrate morphology. The frequency uncertainty is better than £2 cm

To understand the spectral evolution between (a) and (b)
in Figure 2, we took spectra at different locations along
the same nanotube serpentine of Figure 2a,b, as shown by
the 41 locations indicated in Figure 1a. The confocal image
shown in Figure la was obtained by integrating of the
G-band Raman signal from the SWNT serpentine while
scanning the sample. Figure 1c¢ shows the G-band spectra
obtained from all 41 points indicated by the vertical green
pointers in Figure 1a. Analysis of the spectral features shows
that the G-band spectra look like the semiconducting profile
(@) in Figure 2 when crossing the atomic steps (U-turns and
straight lines passing through points 11—14, named S, in
Figure 1b), while at segments parallel to the steps, such as
points 15—18 (S5 in Figure 1b), the spectra look like spec-
trum (b) in Figure 2. There is a variation in the higher
frequency G" feature (~1590—1605 cm™"), which is also
related to the tube—substrate morphology, as discussed
below.

Figure 3 shows the frequency behavior for both the G and
G’ bands (wg Vs wg) as a method to characterize the
strain®®~?® and doping®®~>" induced by the tube—substrate
interaction and to understand the observation of a mixed
metal—semiconductor behavior such as found in spectrum
(b) in Figure 2. As mentioned earlier, the G band in semi-
conducting SWNTs is composed of two peaks; the higher
frequency G* feature is related to the C—C stretching mode
along the tube axis and is named the longitudinal optical (LO)
mode, while the lower frequency G~ feature is related to
C—C stretching along the tube circumference and is named
the transverse optical (TO) mode.?® Their frequencies (w)
depend sensitively on strain®®~*® and doping,>*~>' and
when the tube becomes metallic, the Kohn anomaly appears
for the LO phonon, which decreases ws"° and broadens the
peak.’®? In Figure 3a, w¢"© and ", which are observed
at the 41 points along the SWNT serpentine depicted in
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Figure 1, are plotted as a function of the G” band frequency
(wg, second-order feature related to a breathing of the
carbon hexagons) observed at the same points. Points
located at the portions of the serpentine crossing the atomic
steps exhibit only one G” peak, which we call G’;, and two G
band peaks characteristics of semiconducting SWNTs (see
spectrum (a) in Figure 2 and also the region between the two
dashed vertical lines in Figure 3a). Points where the nano-
tube lies along to the steps exhibit two G’ peaks (see
spectrum (b) in Figure 2), which we call G’, and G5, respec-
tively, in Figure 3a. At these locations, the G band exhibits
four peaks, two of which show a line shape characteristic of
a semiconducting SWNT and two of which show a line shape
characteristic of a metallic SWNT (blue and red Lorentzians
in spectrum (b) of Figure 2, respectively). The two G band
peaks characteristic of a semiconducting tube exhibit a
smooth correlation between the G’; frequency and the G’s
frequency (blue symbols in Figure 3a). The higher frequency
G peak characteristic of metallic SWNTs (TO) exhibits a
frequency that correlates with that of G’, (red symbols in
Figure 3a), while the LO mode frequency is strongly red-
shifted, as expected due to the Kohn anomaly.’>?* The
behavior shown in Figure 3a suggests that the G’, peak is
related to a metallic SWNT, while the G’5 is related to a
semiconducting SWNT. It is known that n (p) doping causes
a downshift (upshift) in the G’ frequency®.

In Figure 3b, the w¢© frequency for semiconducting
SWNTs is plotted as a function of the distance s from point
#1, which is measured along the SWNT. Clearly the wg™ is
observed to oscillate, showing maxima at the center of the
straight tube segments (labeled S; in Figures 3b and 1b) and
minima at the center of the U-turns (labeled Uy in Figures
3b and 1b). Larger frequencies indicate stronger strain®®~2%
and doping,?? ™' thus corroborating the stronger vs weaker
modulated tube—substrate interaction when the nanotube

DOI: 10.1021/n1103245¢ | Nano Lett. 2010, 10, 5043--5048



120

240

90 %0
i 80 c a1 120 T 80
g4 ’ »
2 0
4 < 30 w 4.0+ — 0
(‘,_..‘—l u\,\ 3 150 ./. . o\'\ \ 3
.4 -~
Y 2 [ \
o\ £ { . .
. 0 £ 38180 | .l L ‘o
! sy ]
\ & § 391 \ / .
: . £ * Sy
ooy {/[.) 330 5 404 210 \N._‘._—. 330
. . 4.1 { Y
300 240 300

270 270

FIGURE 4. Modeling the tube—substrate interaction based on pseudopotential DFT. (a) Real space representation of the electronic states at
the Fermi level of the distorted tube. The (19,0) SWNT is sitting on the (001) surface of a SiO, substrate (see arrow) with tube axis along (100).
(b) Average bond length (ac-c) along the tube axis (open circles) and along the tube circumference (filled circles), and (c) the electron per
carbon atom density (p) of the SWNT deposited on a quartz substrate. In this polar representation, ac_c and p change along the tube
circumference, the values varying from the center to the edge of the circle, as quantified by the axis on the left, which applies for 90° and
270°. The ac¢ increases at the tube—substrate contact region (240—300°). The electron density and bond lengths change around the
circumference, and the changes exhibit maxima near the tube—substrate contact region.

lies along versus across the surface steps. The modulation
of ws™® along the straight segments, on the other hand, can
be attributed to oscillations in the strain along the nanotube
resulting from the competition between the tube—surface
interaction and the aerodynamic drag forces during the
formation of the serpentine, consistent with the “falling
spaghetti” mechanism previously proposed.'” All the maxi-
mal wg© values correspond to the center of the straight
segments aligned along a quartz step. The fact that the
misaligned straight segment S, actually shows a minimum
in wg© indicates that the effect of tube—surface interaction
on the electronic properties of the nanotube is relatively
stronger than that of strain, while the remaining effect of
the aerodynamic drag forces should be responsible for the
smaller wc"® maxima for the S;s with even i. Scanning
electron microscopy shows the serpentine growth happened
from point 1 to 41, so that i odd indicate straight segments
falling to the left, while 7 even indicate straight segments
falling to the right, taking Figure 1a as a reference (check
the “falling spaghetti” mechanism'”). Therefore, the larger
wg© maxima for S; odd indicate that, during the “falling
spaghetti” process, there was a gas-flow drag component
pointing to the left. This asymmetry can be attributed to the
fact that the flow was not perfectly perpendicular to the steps
(see Supporting Information). All these effects are stable as
a function of the sample lifetime, since this study was carried
out within 2 years time after the growth.

To shed light in our findings, we performed first-principles
calculations for a nanotube placed on top of a crystalline SiO,
substrate. Our calculations are based on pseudopotential
Density Functional Theory (DFT)**~%¢ formalism, as imple-
mented in the SIESTA program,®”>® which makes use of a
basis set composed of pseudo atomic functions of finite
range. To fully justify this strong tube—substrate interaction,
we developed different models where the SWNTs are in
contact with nonpassivated surfaces, with either Si or O
exposed (see Supporting Information). One of the modeled
systems is shown in Figure 4a after geometry relaxation. We
consider in the calculation a (19,0) carbon nanotube sitting
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on the (001) surface of a SiO, substrate. The (19,0) has a
diameter of 1.4 nm, matching the diameter of the tube
analyzed in Figures 1—3 (see Supporting Information). Upon
relaxation, the silicon atoms in the contact region are found
to experience an upward displacement and the bottom part
of the nanotube becomes flat. The deformation is the result
of a strong interaction between carbon bonding states and
surface dangling bonds, which show up in the band structure
as dispersive bands crossing the Fermi level (see Supporting
Information). The yellowish clouds in Figure 4a represent a
plot of the electronic density for states within energies of
up to 0.1 eV around the Fermi level. Therefore, the bands
responsible for the gap closure are predominantly localized
spatially in the contact region along the flat surface of the
nanotube. These calculations elucidate how a strong nano-
tube—substrate adhesion of the nanotube along an exposed
SiO, surface rehybridizes the electronic states to produce
two tube segments (bottom and top with respect to the
substrate) with different electronic configurations, thus ex-
plaining the mixed metal—semiconducting character ob-
served in the Raman spectroscopy measurements (Figures
1—3). Such kind of hybrid structure requires flat crystalline
substrates to be present, where the interaction is extended
and does not generate localized states.

For a more theoretical quantitative analysis, parts (b) and
(c) of Figures 4 show how the substrate affects the bond
lengths (strain) and charge distribution (doping) around the
tube circumference, respectively. Figure 4b shows that the
average distance between carbon atoms (dac-¢) increases
when the tube is in contact with the substrate, with Aac_M*
~ 1.7%. A slightly larger increase is observed for the dcc
measured along the tube axis (open circles), suggesting a
stronger effect should be felt by ws'©. Figure 4c shows that
the average density of electrons per carbon atom also
increases in the tube—substrate contact region, changing
from the expected value of 4 electrons/C (the two 1s core
electrons are not considered in our model) to up to ~4.05
electrons/C at the surface. Increase in bond lengths should
soften the tangential mode frequencies, but this effect is

DOI: 10.1021/n1103245¢ | Nano Lett. 2010, 10, 5043--5048
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FIGURE 5. Electric force microscopy (EFM) analysis of the alternating
metal—semiconductor carbon nanotube heterojunction. (a) EFM
image of the same SWNT serpentine discussed in Figure 1 (Experi-
mental conditions: V = —5 V; lift height, 50 nm; @, = 27.6 kHz; k =
0.60 N/m). (b) Scanning across the SWNT, the cantilever frequency
shift is different if a tube is semiconducting (“W-shaped” blue line)
or metallic (“V-shaped” red line) (see Supporting Information). The
profiles in (b) are as measured. The red and dark blue lines in (a)
indicate the two regions where these profiles in (b) were acquired,
which correspond to S; and S, in Figure 1b, respectively.

compensated by the phonon stiffening expected by the
disappearance of the Kohn anomaly due to doping. We
cannot clearly distinguish in our experiment between the
spectral changes arising from strain and those arising
from doping, and these effects are probably correlated to
achieve structure equilibrium, as indicated by parts (b)
and (c) of Figure 4.

Although the results discussed here are based on data
from one SWNT, we have studied nine SWNT serpentines,
and significant spectral modifications clearly related to the
anisotropic tube—substrate interaction could be identified
in all of them (see Supporting Information). In all nine cases
the frequencies of the G and G’ bands change according to
the orientation between the tube axis and the crystalline
quartz substrate, consistent with the results shown here. The
detailed frequency changes vary from sample to sample
indicating a possible (n,m) dependence, where both the tube
diameter and the angle between the hexagons and the SiO,
substrate could play a role. The influence of tube curvature
is negligible, since the U-turns are in the order of 1 um
diameter while the tube is 1 nm in diameter. The importance
of defects is also excluded by the complete absence of the
defect induced D band (~1350 cm™') in both far-field and
near-field Raman spectroscopy imaging (see Supporting
Information). The modulated doping-strain, generating mixed
metal—semiconductor Raman profiles have been observed
in four different serpentines. When the tube exhibits spectra
characteristic of a metallic system (one tube measured), the
mixed behavior was not observed. This is supported by our
DFT calculations, since metallic tubes always have electrons
crossing the Fermi level (see Supporting Information).

For completeness, we have also employed electric force
microscopy (EFM) characterization of the SWNT serpentine
for the direct determination of its metallicity. Figure 5 shows
the EFM analysis of the same SWNT discussed in Figure 1.
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The nanotube appears in the image as regions of negative
frequency shifts (in blue) contrasting with the quartz sub-
strate (in brown). Even though the EFM signal seems homo-
geneous in Figure 5a, a more careful analysis reveals struc-
ture in the line shape, as shown in the line profiles across
two different regions in the nanotube presented in Figure
5b. As discussed in ref 39, the different polarizabilities of
metallic nanotubes on substrate versus semiconducting
nanotubes on substrate create a distinct coupling with the
electric field emanating from the EFM tip for each case.
These differences result in a “W-shaped” EFM line profile
across a semiconducting tube, while a metallic SWNT por-
trays a “V-shaped” line profile (see Supporting Information
for an schematic explaining the effect). The red and blue
profiles in Figure 5b correspond to the regions marked by the
red and dark blue lines in Figure 5a, respectively. The
“W-shaped” dark blue profile, typical for a region with weak
substrate interaction, is the EFM signature for a semiconducting
nanotube, whereas the “V-shaped” red profile, typical for a
strong substrate interaction region, attests to a metallic behav-
jor for this region of the SWNT. Therefore, the EFM results
shown in Figure 5 corroborate the metal—semiconducting
alternating behavior of our SWNT serpentine Raman spectra.

In summary, we have measured a SWNT—substrate
system where the tube substrate interaction can be tuned
by changing the tube—substrate orientation. The effects on
the electronic and vibrational properties of the SWNTs,
observed using resonance Raman spectroscopy and electric
force microscopy, indicate important changes in the proper-
ties depending on the tube—substrate orientation. These
changes are clearly related to the tube—substrate interaction
resulting from the tube—substrate morphology and forma-
tion dynamics. The periodic change on the tube—substrate
interaction existing in our SWNT serpentines seems to
generate a set of alternate doped—undoped tube segments,
and different complex superlattices could be created through
substrate engineering. Interestingly, Huang and Choi*' ob-
served that the length-normalized resistance of carbon
nanotube serpentines increases with the number of U-turns,
and such behavior was explained by the presence of defects
in the curved regions. Our finding can explain the results
observed in ref 21 with perfectly crystalline junctions, where
the “defects” would be the substrate changing the tube
electronic behavior. This is supported by our Raman spec-
troscopy results with the complete absence of the disorder-
induced D-band peak (~1300 cm™"), which is normally
observed in defective sp? carbon materials.*
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