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The RLE Nano-materials and Electronics Group pursues investigations of carbon nanotubes, including
studies of chemical vapor deposition methods, electron transport in single-walled carbon nanotubes,
nanotube synthesis, and tunable Raman systems for characterizing the chirality of nanotube materials. A
major objective of the group is to develop synthesis and control techniques to create electronic devices
based on carbon nanotubes.
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Graphene is the hexagonal arrangement of carbon atoms forming a one-atom thick planar sheet. The
successful isolation of graphene by the micro-cleaving of highly oriented pyrolytic graphite (HOPG)1 has
opened up exciting possibilities for experimental investigations2, 3. Significant attention has been captured
by its outstanding properties which render it another materials option for electronics applications4-9.
Chemical routes to fabricate graphene may offer significant advantages over the micro-cleaving of HOPG
10-14
when pursuing the coverage of large substrate areas with graphene for large scale applications.
Methods for large area graphene synthesis include ultra-high vacuum (UHV) annealing of single-crystal
SiC (0001) 13, 15, UHV CVD on single crystal transition metals12 and the deposition of graphene oxide
(GO) films from a liquid suspension followed by chemical reduction 10, 16. However, some of these
approaches require the use of a specific substrate material. Furthermore, the high cost of the single
crystal substrates and the UHV conditions necessary for growth significantly limit the use of these
methods for large scale applications. Films derived from liquid suspensions of graphene flakes can
potentially overcome these limitations 10, 17-19. However, in this case, the intrinsic properties of graphene
have not yet been achieved10, 17-19. In the present work, we use ambient-pressure CVD to synthesize
single- to few layer graphene films on evaporated polycrystalline Ni. Due to the use of ambient pressure
and readily available Ni films, this process enables the inexpensive and high-throughput growth of
graphene over large areas with properties closer to those found by micro-cleaving HOPG. Additionally,
our method allows the flexibility of transferring the produced film to alternative substrates by wet-etching
the Ni film. The graphene films can then be used without further treatment and exhibit outstanding
properties in terms of optical transparency and electrical conductivity. In principle, there is no limitation on
the film size, and it can be patterned by standard lithographic processes. Alternatively, the catalytic Ni
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surface can be pre-patterned in order to produce graphene patterns of desired geometries at controlled
locations.
The growth of graphene monolayers on single crystalline transition metals such as Co20, Pt21, 22, Ir23, 24,
Ru25, 26 and Ni27-31 is well known. The nucleation and growth of graphene usually occurs by exposure of
the transition metal surface to a hydrocarbon gas under low pressure or UHV conditions. In our CVD
process, we expose a polycrystalline Ni film (at 900-1000 ˚C) to a highly diluted hydrocarbon flow under
ambient pressure (see Supporting Information). This gives rise to an ultra thin graphene film (1 to ~10
layers) over the Ni surface. The Ni film is e-beam evaporated onto a SiO2/Si substrates, and thermally
annealed before the CVD synthesis. Thermal annealing before the CVD process generates a Ni film
microstructure with single-crystalline grains of sizes between a few µm to 20 µm. The surfaces of these
grains have atomically flat terraces and steps, similarly to the surface of single crystal substrates used for
epitaxial UHV graphene growth 12, 13 (Fig. 1a). In this way, the growth of graphene on the surface of
individual Ni grains resembles the growth of graphene on the surface of a single crystal substrate. In our
CVD process, graphene growth is likely to occur due to the precipitation of graphite from carbon species
within the Ni film as observed for other transition metals, such as Ru.12 During the exposure of the Ni
surface to a H2 and CH4 gas mixture in atmospheric conditions, the Ni film and the carbon atoms provided
by this CVD process form a solid solution. Since the solubility of carbon in Ni is temperature-dependent,
carbon atoms precipitate as a graphene layer on the Ni surface upon cooling of the sample. Due to the
formation of grain boundaries, the top surface of the Ni film becomes discontinuous after the thermal
annealing. Nevertheless, we found that single- and few-layer graphene bridges across these gaps, thus
forming a continuous film over the entire Ni area (Fig. 1b).
Figure 1. Graphene films grown by CVD on Ni. a, AFM
image of the surface of a Ni grain with atomically flat
terraces and steps after annealing. b, AFM image of a
graphene film on polycrystalline Ni after CVD synthesis.
The ripples (pointed out by white arrows) at the edge of
the groove indicate that the film growth bridges across
the gaps between grains. c, Optical image of a CVDgrown graphene film (blue) transferred to a SiO2/Si
substrate (yellow background). The size of the graphene
film is determined by the size of the initial Ni substrate. d,
Optical image of an edge of a graphene film on a SiO2/Si
substrate. Graphene on SiO2/Si obtained by HOPG
cleaving is shown in the inset for comparison. e, AFM
image of the region enclosed by the black square in (d).
The blue (red) arrow corresponds to the pink (purple)
region in (d). f, Height measurements on the two
positions indicated in (e). The blue (red) curve
corresponds to the region identified by the blue (red)
arrow in (e). The height distribution, measured by AFM
images taken from the film edge in (d), is shown as an
inset. g, Optical image of a Ni film after the CVD process
and with a graphene film on its surface. h, Optical image
of the same graphene film in (g) transferred to a SiO2/Si
substrate showing a high density of large regions (1-20
µm) consisting of 1-2 layers of graphene (identified by the
black arrows). These regions grow on the large Ni grains,
identified by the arrows in (g). The morphology (shape
and size) of graphene regions with constant thickness
resemble the morphology of the Ni grains in (g). Color
scale bar corresponds to (a,b).

The transfer of the CVD-derived graphene films to a non-specific substrate is enabled by the wet-etching
of the underlying Ni film. This is carried out by treating the film with an aqueous HCl solution after a
support material is coated on the Ni/graphene surface, in our case a poly[methyl methacrylate] (PMMA)
layer (see Supporting Information). This results in a free standing PMMA/graphene membrane which can
be handled easily and placed on the desired target substrate (graphene facing the surface)32. Finally, the
PMMA can be dissolved with acetone to yield a graphene film on the desired substrate. The transferred
graphene films preserve their continuity and attach strongly to substrates made of almost any material,
such as semiconductors, glass, metals and plastics, via van der Waals interactions. In the case of SiO2/Si
substrates, the attached graphene films can successfully withstand harsh processing procedures, such as
26-2 RLE Progress Report 151

Chapter 26. Nano-Materials and Electronic Devices
sonication or acidic treatment. The size and shape of the transferred graphene film on the new substrate
is defined by the dimensions of the initial Ni-coated substrate (Fig. 1c).
Important morphological film features are revealed
by optical images when the films are on Si
substrates with a 300 nm oxide layer (Fig. 1d).
Variations in the film thickness are indicated by
the change of color contrast in the optical images,
due to light interference on the SiO2 layer
modulated by the graphene layers33, 34. The
differences in thickness range from a monolayer to
a few graphene layers. The lightest pink regions in
the optical images (Fig. 1d) have a thickness of
roughly 1 nm, as measured by AFM (Fig. 1e-f),
which typically corresponds to a monolayer or
bilayer of graphene 35, 36. Purple regions
correspond to 3.0 nm thickness. Height
measurements extracted from a series of AFM
images along the film edge in Fig. 1d shows that
the thickness ranges from 1 to 5 nm (inset of Fig.
1f, with an average of 2.8nm ± 0.3), corresponding
to approximately 1-12 graphene layers 35.
Furthermore, the mean and the RMS roughness
estimated with our AFM data are 1.97 nm and
3.27 nm, respectively, over a 100 μm2 area (see
Supporting Information).
By comparing optical
images of as-grown graphene films on the Ni
surface and their images after being transferred to
SiO2/Si (Fig. 1g and 1h), we observe that the
morphologies of the graphene film correlate
qualitatively with the microstructure of the Ni films.
For example, we observe a high density of regions
with only 1-2 graphene layers in thickness and
1µm- 20 µm in lateral dimensions (black arrows in
Fig. 1h). Further analysis (see Supporting
Information) confirms that these regions usually
Figure 2. TEM characterization of CVD-grown graphene
films. a, Low magnification TEM image showing a CVD-grown
grow on the surface of large Ni grains which have
graphene film on a lacey carbon coated grid. Electron diffraction
similar lateral sizes (black arrows in Fig. 1g).
on the graphene film is shown as an inset. b, Low magnification
These observations imply that individual nickel
TEM image showing the interface between areas with different
grains may independently affect the thickness of
thickness (identified by the black arrow). Although the color
contrast is high under optical images, the low contrast in TEM
the graphene film during CVD, leading to the
images shows that the thickness difference is only a few
thickness variations we observe on our films.
graphene layers. c-f, High magnification TEM images showing
Similarly, our observations suggest that most of
the edges of film regions consisting of one (c), three (d), four (e),
the multilayer graphene nucleation occurs at the
and eight (f) graphene layers. The cross-sectional view is
enabled by the folding of the film edge. The in-plane lattice
grain boundaries. This could be explained by the
fringes suggest local stacking order of the graphene layers.
fact that at such boundaries, there is a higher
density of atomic steps due to the curvature of the
grain edge, thereby inducing the nucleation of several graphene layers12. This points to future work
controlling the morphology of the Ni films in order to optimize the morphology of the graphene films.
The CVD grown films can be transferred by the same method to TEM lacey carbon coated grids (Fig. 2ab). TEM examination confirms that changes in film thickness correspond to only a few graphene layers.
The edges of the suspended film always fold back, allowing for a cross-sectional view of the film. The
observation of these edges by TEM provides an accurate way to measure the number of layers at
multiple locations on the film (Fig. 2c-f). Typically, sections of 1–8 layers are observed in our samples, in
close agreement with our AFM data. The estimated interlayer spacing is 3.50 ± 0.14 Ǻ. Electron diffraction
on the graphene film (inset of Fig. 2a) reveals a hexagonal pattern confirming the three-fold symmetry of
the arrangement of carbon atoms (the beam size used was 50 nm). When different regions of the film are
inspected, well-defined diffraction spots (instead of ring patterns) are always observed (see Supporting
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Information), indicating the crystallinity of all regions examined. Stacking disorder of graphene layers in
multilayer regions is suggested by the appearance of electron diffraction spots misaligned with respect to
each other (see Supporting Information). Therefore, the observation of lattice fringes (Fig. 2d-f) on the inplane direction of the graphene sheets is possible. The in-plane lattice constant is measured to be 2.32 ±
0.48 Ǻ (compared to 2.46 Ǻ for graphite37).
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Figure 3. Raman spectroscopy of
CVD-grown graphene films on
SiO2/Si. a, Raman spectra of 1 (red), 2
(blue) and ~3 (green) graphene layers
from a CVD graphene film. b, Raman
spectra of 1 (red), 2 (blue) and 3
(green) graphene layers derived by the
micro-cleaving
of
HOPG
for
comparison. The excitation wavelength
is 532nm.

Raman spectroscopy provides a quick and facile structural and
quality characterization of the produced material. Figure 3 compares
the Raman spectra of 1, 2 and 3 graphene layers derived by CVD
and by HOPG. A low intensity of the disorder-induced D band
(~1350cm-1) is observed (by plotting the D to G (~1580 cm-1) peak
intensity ratios (ID/IG) where G denotes the symmetry-allowed
graphite band) obtaining 0.05<ID/IG < 0.3. Some weak D band
intensity is observed also away from graphene edges suggesting
the existence of sub-domain boundaries in areas with a constant
number of graphene layers. Spectra from the thinnest sections of
the CVD graphene film show a sharp linewidth (~30 cm-1) and a
single Lorentzian profile of the G’ band (~2700 cm-1), which are
hallmarks of monolayer graphene 38. The G’ lineshape provides a
good measure of the number of layers in the case of HOPG-derived
graphene 38. However, we observe that in multilayer (>1 graphene
layers) CVD graphene, there is a variation in the G’ lineshape
between regions of identical layer number. Moreover, sections of
~2L and 3L regions can show linewidths (~30 cm-1) and Lorentzian.
This indicates that an ordered stacking (i.e., ABAB stacking) and
therefore an electronic coupling between graphene layers may not
occur in all regions of the film, or to the same degree as in HOPG.
This observation is consistent with our electron diffraction spectra.
The absence of interlayer coupling is not necessarily an adverse
effect since incommensurate, multilayer graphene can have
electronic properties similar to those of a single sheet of graphene
39
. Instead of the G’ lineshape, we have found that the G to G’ peak
intensity ratios (IG/IG’) provide a good correlation with the number of
graphene layers in the CVD graphene samples (see Supporting
Information).

The intrinsic quality of the CVD graphene films makes them
excellent candidates for both optoelectronic and electronic
applications. Figure 4(a) is an optical image of the graphene film
transferred onto a glass substrate. With a film having 3nm average
thickness, the optical transmittance is ~ 90% in the 500nm to 1000nm wavelength regime (Fig. 4b). The
sheet resistances (Rs) of the films are 770 -1000 Ω/sq as measured by a four-point probe instrument.
These values compare favorably to graphene films, with similar thickness and transmittance values,
fabricated by graphene oxide solution-based methods 10 and are 2 orders of magnitude closer to those of
commercial ITO electrodes with the same transparency (120 nm thickness, Rs < 15 Ω/sq.)17.
We further characterized the electrical properties by fabricating graphene transistors. Photolithography
and O2 plasma etching were used to pattern graphene films in 2µm to 8µm stripes. Transistor channel
lengths ranged from 5µm to 15µm. Figure 4c is a histogram of the 2D resistivity obtained by measuring ~
100 devices at 0V gate voltage. By applying a gate voltage of up to ±40V (provided by a Si back gate with
300nm oxide thickness), the conductance values of the stripes are modulated by 1.3~2 times (Fig. 4d).
This indicates that the effect of gate modulation is not as effective as it is in other graphene transistors
made by micro-cleaving HOPG40. The inset in Fig. 4d shows an optical image of a typical device. The
average thickness of the graphene strip of this device is also estimated to be ~ 3 nm. Due to thickness
variation, it is possible that the gating effect is screened by other graphene layers in multilayer regions of
the film 2, 41. Mobility values can be derived from the slope of the conductivity variation with gate voltage.
These range from 100 to 2000 cm2/ V sec for both electrons and holes, which are ~2 orders of magnitude
lower than the best reported graphene mobilities on substrates. This is possibly due to an ineffective gate
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coupling or to grain boundary scattering inside the graphene strip. Efforts are underway to improve the
quality of the films by tuning the CVD growth conditions.
The ability to grow single and few-layer graphene with CVD is an important advantage. Analogous to the
case of carbon nanotube growth 42, 43, this technique can potentially enable the simple growth of graphene
at particular locations and with desired geometries by controlling the catalyst morphology and position44.
Figure 5 demonstrates the direct CVD growth of a graphene pattern using a pre-patterned Ni structure
(Fig. 5a). After CVD, the graphene is transferred to a SiO2/Si substrate (Fig. 5b) with a process similar to
the one described previously (see Supporting Information). This is a significant addition to the capabilities
of graphene device fabrication and integration. For example, in the case of O2 plasma-sensitive
substrates or substrates which cannot withstand the lithographic processes, graphene devices can be
patterned through this approach.

Figure 4. Optical and electrical characterization of the CVD graphene film
and devices. a, Optical image of a graphene film transferred to a glass substrate.
The broken edge on the bottom can be used to recognize the film. b, Optical
transmittance of a graphene film with 3 nm average thickness on glass. c,
Histogram of the 2D resistivity (kΩ) of ~ 100 graphene film devices prepared by
the CVD process. d, 2D conductivity vs. gate voltage of a graphene film
transistor. An optical image of a graphene strip device is shown as an inset.

Figure 5. Direct growth of graphene patterns
from pre-patterned Ni structures. a, Optical
image of a pre-patterned Ni film on SiO2/Si.
CVD graphene is grown on the surface of the Ni
pattern. b, Optical image of the grown graphene
transferred from the Ni surface in (a) to another
SiO2/Si substrate.

In summary, we have demonstrated for the first time that continuous films with single- to few-layer
graphene can be grown by ambient pressure CVD on polycrystalline Ni and transferred to a large variety
of substrates. The films exhibit a large fraction of single- and bilayer graphene regions with up to ~20 µm
in lateral size. They remain continuous and conductive after numerous processing steps, even though the
thinnest parts are only one monolayer in thickness. These films demonstrate a comparable structural
quality to existing graphene materials but are fabricated without the need of single crystal substrates or
complex processing conditions. The graphene film size is determined by the area of the Ni growth surface
and is only limited by the CVD chamber size. Furthermore, our studies suggest that the polycrystalline
structure of the Ni film plays an important role in the formation of the graphene film morphology. With
better engineering of the Ni film, such as enlarging and controlling the location of the single crystal grains,
well-controlled graphene features can be envisioned. This approach enables a viable route towards the
scalable production of graphene structures for future applications.
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The softening of the radial breathing mode (RBM) of metallic single walled carbon nanotubes (m-SWNTs)
due to electron-phonon coupling has been studied by observing the Fermi level (∈F) dependence of the
RBM Raman peak. In situ Raman spectra were obtained from several individual m-SWNTs while varying
∈F electrochemically. The RBM frequency of an intrinsic m-SWNT is shown to be downshifted relative to
highly doped tubes by ~2 cm-1. The down-shift is greatest for small diameter and small chiral angle
SWNTs. Most tubes show no change in RBM linewidth. A comparison is drawn between the RBM and the
G band (ALO phonon) with respect to the ∈F dependence of their frequencies and linewidths.
Electron-phonon (e-ph) interactions govern many aspects of the physical properties of materials. In
graphene and single walled carbon nanotubes (SWNTs), the coupling between electrons and the in-plane
C-C stretching optical phonon modes (G-band phonons) influences the phonon structure [1,2], electrical
transport [3], and optical transition properties of these materials [4]. Thus, significant effort has been
devoted to this subject recently. Another phonon mode of interest in SWNTs is the isotropic radial
deformation of the nanotube called the radial breathing mode (RBM). This optical phonon is solely the
result of the one-dimensional tubular structure of SWNTs and its deformations are very different from
those of the optical stretching modes that are common to all other graphitic materials. e-ph coupling of the
RBM is important because it provides a new scattering channel for electrons that is absent in higher
dimensional forms of carbon. Being a low energy optical phonon, the RBM could be a significant scatterer
of low energy electrons such as in electrical transport at low biases [5].
In metallic SWNTs (m-SWNTs) e-ph coupling can be especially strong because a wide range of phonon
energies is able to resonantly excite electrons across the linear electronic bands. Phonons that effectively
couple to excitations near the Fermi surface experience lifetime broadening and energy renormalization
[1,2]. This phenomenon is typically investigated by studying how the phonon energy and lifetime evolve
as a function of the Fermi energy, ∈F. For the G − Raman peak of a m-SWNT, the observed up-shift and
narrowing of the peak with doping has helped clarify the origin of the metallic G-band line shape and the
role of electronic excitations in the softening of the ALO phonon at ∈F for the neutral m-SWNT [6]. A recent
theoretical treatment of the ∈F dependence of the RBM predicts a similar, albeit weaker, softening of the
RBM phonon with a significantly larger chiral angle dependence [7]. Because the RBM energy is so much
smaller than the G band, the e-ph coupling is expected to be much more sensitive to the fine structure of
the electronic bands near the Dirac point where the valence and conduction bands touch. An
experimental study of the softening of the RBM frequency in m-SWNTs is therefore important to clarify the
structure-dependent e-ph coupling phenomena associated with the RBM phonon.
In this Letter we present a careful analysis of the frequency ωRBM and linewidth γRBM of the RBM of
individual SWNTs as a function of the electrochemical gating potential Vg.We observe an increase in
frequency when the nanotube is doped with either electrons or holes. Our experimental results show a
diameter (dt) and chiral angle (θ) dependence of the ωRBM softening.
We use a transparent polymer electrolyte (PEO=LiClO4) to electrochemically dope m-SWNTs. Long, gas
flow aligned SWNTs are grown by chemical vapor deposition and then contacted by a Cr=Au electrode to
form the working electrode of the electrochemical cell. The SWNTs are typically several hundred microns
long and are separated from each other by 20–50 μm. A Pt counter electrode is controlled by a Princeton
Applied Research 283 potentiostat to vary the potential (Vg) of an Ag pseudoreference electrode with
respect to the SWNTs [8]. Raman measurements are made through the transparent electrolyte. The
nanotube metallicity is determined by placing ωRBM and the excitation energy Elaser on a Kataura plot, and
by observing a broadening and shift of the G band [6]. The m-SWNTs under study are either isolated or in
small bundles of two or three SWNTs. However, only one SWNT contributes to the signal for these
measurements.
Figure 1(a) shows the RBM spectrum of a m-SWNT at several values of Vg. Here, a positive (negative) Vg
corresponds to electron (hole) doping. A subtle up-shift of 2 cm-1 for both (±) polarities of Vg is observed.
Changes in ωRBM are more evident after fitting the peaks, whereby the fit gives both ωRBM and the FWHM
linewidth γRBM versus Vg, shown in Figs. 1(b) and 1(c), respectively. We use a Voigt profile to deconvolute
the instrumental broadening from the Lorentzian linewidth of the RBM peak. The ωRBM of the m-SWNT
shown in Fig. 1(b) makes an almost symmetric ‘‘V’’ shape about Vg = 0. Previous studies suggest that
environmental effects such as the van der Waals interaction of the SWNT with the substrate or
26-8 RLE Progress Report 151
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surrounding solution may modify ωRBM [9]. The latter effect presumably only contributes to a constant
background with respect to Vg. The large drop in the peak intensity observed with increasing Vg may be
caused by a change in the resonance condition. Because of the loss in peak intensity with increasing Vg,
we are only able to follow ωRBM (Vg) for those m-SWNTs that have strong signals, which biases our
sample set towards tubes with small θ values [7]. These m-SWNTs all exhibit a similar characteristic ωRBM
(Vg) behavior. Meanwhile, the RBM peak for a semiconducting SWNT (s-SWNT) shows no appreciable
change in ωRBM (Vg) as a function of Vg, as, for example, shown in the inset of Fig. 1(b). It is thus clear
that the behavior in Fig. 1(b) is an effect specific to m-SWNTs.

Figure 1: (a)Waterfall plots of the RBM spectra of a mSWNT at several positive (left-hand panel) and negative
(right-hand panel) values of gate potential Vg. To evaluate
the ωRBM down-shift we use the vertical red lines as
fiduciary marks indicating the peak frequency at Vg = 0. The
inset of (a) is a schematic band structure of a m-SWNT
illustrating the allowed e-h transitions. (b) Fitted frequency
ωRBM and (c) FWHM linewidth γRBM values versus Vg. Error
bars denote 95% confidence interval. Solid curves guide the
eye. The inset of (b) shows the fitted ωRBM (Vg ) for a sSWNT.

Figure 2: Comparing the G¯ and RBM peaks versus Vg for a (13,4)
-1
m-SWNT (ωRBM ~ 193 cm , Elaser = 1:91 eV). (a) the G_ frequency
and (b) G¯ linewidth versus Vg (bottom axis) and ∈F (top axis). The Vg
dependence of the γG is used to estimate the gating efficiency, α =
0:24 eV/V. The box in (b) gives the T = 0 energy range within which
the LO phonon can excite real e-h pairs. (c) ωRBM and (d) γRBM for
the same m-SWNT.

The behavior of ωRBM for m-SWNTs can be understood by considering that, like the G-band phonons, the
RBM is also an optical phonon capable of exciting vertical electron-hole (e-h) pairs across the linear k
valence and conduction bands of the m-SWNT near the K (or K0) point. If the e-ph matrix element for
such transitions is nonzero, these scattering events contribute to renormalizing the phonon energy and
decreasing its lifetime. As illustrated in the inset of Fig. 1(a), the Pauli exclusion principle limits the
available e-h pair transitions to those satisfying Ee-h > 2 ∈F , thus giving rise to the Vg dependence of
ωRBM. As ∈F is shifted away from the Dirac point, the number of excitations contributing to the dressed
RBM phonon is reduced and ωRBM approaches the frequency of the bare RBM phonon [7].
In Fig. 2 we compare the ∈F dependence of the G¯ peak (ALO phonon) to ωRBM of a m-SWNT which we
tentatively assign as a (13,4) SWNT (ωRBM = 193 cm-1, Elaser = 1:91 eV). We see a striking resemblance
between the Vg dependence of ωG- and that of, with both peaks displaying a minimum in frequency
around Vg = 0. However, the ωRBM behavior of the two peaks is quite different with the RBM peak showing
no noticeable broadening in contrast to the 60 cm-1 broadening of the G¯ peak. The lack of broadening for
the RBM indicates a negligible resonant decay of the RBM into an e-h pair.
To understand why the RBM is down-shifted but not broadened, it is instructive to draw comparisons to
the e-ph coupling of the optical phonons that contribute to the G band of graphene, m-SWNTs and s26-9
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SWNTs, which have recently been studied in great detail [6,10–13]. In m-SWNTs, the LO phonon (with
energy 0.2 eV) is able to create real and virtual e-h pairs across the linear electronic bands, resulting in
the strong broadening and downshift in frequency characteristic of the metallic G¯ peak as shown in Fig.
2. Similarly, in graphene, the G-band phonons are both broadened and down-shifted because they couple
to e-h excitations near the Dirac point. In the case of s-SWNTs, the optical phonons do not have sufficient
energy to excite e-h pair excitations across the large electronic energy gap. However, these optical
phonons can still create virtual excitations which contribute to the downshift of the phonon frequency.
Since there is no decay into real states, there is no linewidth broadening and the frequency shift is
modest compared to that of m-SWNTs, as recently verified in experiments [13,14].

Figure 3: Calculated ωRBM versus ∈F for a (13,4) m-SWNT. For
this m-SWNT the e-ph coupling contribution to the γRBM is zero.
Black points ω0 give the bare ωRBM and gray (red) points give the
corrected ωRBM [7].

Figure 4: The down-shift ∆ωRBM in ωRBM vs 1/dt. Red circles
indicate the shift relative to Vg = V0 - 1V (hole doping) and black
squares indicate the shift relative to Vg = V0 + 1V (electron
doping). Solid lines represent linear fits to the experimental data
points.

Since hω RBM is a small fraction of the LO/TO phonon energies, the e-h excitations for the RBM occur
much closer to the Dirac point. On this energy scale a very small energy gap, such as the curvatureinduced minigap, becomes significant. The latter, given by E GAP = A / d t2 × cos (3θ ) , is greatest for

(

)

zigzag and absent for armchair m-SWNTs. The value of A is about 60 meV based on an extended tightbinding model [7]. From the perspective of the RBM phonon, the electronic bands of small diameter
zigzag m-SWNTs with Egap > hω RBM appear semiconductinglike. Only the armchair SWNTs have truly
metallic bands when close to the Dirac point. Indeed, for the (13,4) SWNT shown in Fig. 2, Egap = 32 meV
(dt = 1:2 nm, θ = 13°) exceeds the hω RBM (24 meV) and hence no linewidth broadening is expected.
In Fig. 3 we show ωRBM for the (13,4) nanotube calculated from the effective mass theory in [7], which also
predicts no change in γRBM as a function of ∈F and a ωRBM behavior qualitatively similar to what we
observe in our measurements. For a quantitative comparison, we converted the Vg scale of Fig. 2 to an
energy scale (bottom axis) using a gate efficiency of α = 0.24 (eV/V). The α value is determined by fitting
the broadening window of the G¯ peak to γG- = γo + γEPC(Vg), as shown in Fig. 2(b). Here, γEPC, the
linewidth due to e-ph coupling, is given by Eq. (29) of [1]. The Vg independent contributions to the
linewidth are included in γo which is taken as 10 cm-1 based on our experimental results. Comparing Fig.
2(c) with Fig. 3 within the same ∈F range, we see that the experimental shift of ωRBM is approximately a
factor of 2 smaller than that predicted.
It is important to know in what dt range the softening of ωRBM becomes significant. The down-shift in ωRBM
is greatest in smaller dt m-SWNTs as seen in Fig. 4, which plots the observed frequency down-shift
relative to Vg = V0 + 1V (black) and relative to Vg + V0 - 1V [gray (red)] as a function of 1/dt for several mSWNTs, where V0 is the gate voltage where the minimum in frequency occurs. The e-ph matrix element
and hence the frequency shift ∆ωRBM at a constant Vg is expected to be linear in 1=dt [7]. The
experimental data increase monotonically versus 1=dt with some variation that we attribute to the
expected _ dependence of ωRBM [7]. Note that the shift on the negative gate side is in most cases greater
than it is on the positive side. We attribute the mild asymmetry with respect to the sign of Vg to the C-C
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bond softening (stiffening) due to charging the
lattices with electrons (holes). There may also
be a difference in the gating efficiency for ±Vg.
To further explore the θ dependence of ωRBM
we have measured the Vg dependence of three
consecutive m-SWNTs from the 2n + m = 24
family, namely, (11,2), (10,4), and (9,6) as
shown in Fig. 5. For a given Vg, the magnitude
of the measured ∆ωRBM decreases from the
(11,2) to the (9,6) nanotube. This is in
agreement with the predicted θ dependence of
the down-shift in ωRBM [7]. The e-ph matrix
element, given approximately by 〈e-h|Heph|RBM〉 = g(|sz|/dt)cos(3θ), where g is the off-site
e-ph coupling constant and sz is the radial
displacement, is greatest for the zigzag mSWNT and approaches zero for the armchair
m-SWNT [7]. Consequently the zigzag RBM is
expected to exhibit the largest frequency shift
but no broadening, while the armchair RBM
should show neither a change in ωRBM nor in
γRBM. An intermediate chiral m-SWNT could be
Figure 5: Fitted ωRBM and γRBM for three m-SWNTs from family
expected to exhibit both a frequency shift and a
2n+m=24. (a),(b) (9,6); (c), (d) (10,4); (e),(f ) (11,2). The curvatureinduced energy gaps for the three m-SWNTs are 19.3, 41.7, and
broadening. Within the 2n + m = 24 family, only
60.5 meV, respectively. The energy scale (top axis) is estimated for
the (9,6) and (8,8) tubes have a RBM phonon
each m-SWNT as in Fig. 2. Solid red lines are curves to guide the
which is greater in energy than the
eye.
curvatureinduced band gap. As shown in Ref.
[7], the (9,6) tube is expected to exhibit a broadening ∆ γ = 2 cm-1 and a negligible frequency shift at 300
K. However, we observe a small frequency shift and no change in linewidth. On the other hand, the (10,4)
SWNT is not expected to exhibit any broadening, but we observe a possible small broadening of ∆ γ = 1
cm-1. Besides these deviations, the overall measured dt and θ dependences of the ωRBM down-shift are in
good qualitative agreement with Ref. [7].
It should be noted that the energy gaps for the (9,6) and (10,4) nanotubes are only 7 meV below and 15
meVabove their RBM phonon energies, respectively. The ωRBM and γRBM of m-SWNTs are predicted to
depend strongly on the position of the cutting line with respect to the K point, as well as on the size of the
energy gap with respect to the hω RBM . Small perturbations to the lattice such as strain [15], the
displacement of the ALO phonon [16,17], and breaking of mirror symmetry [18] could sufficiently change
the electronic structure to alter the ∈F dependence of the RBM peak.
In summary, we have experimentally confirmed that there is a mild softening of the ωRBM of m-SWNTs
which can be removed by both positive and negative doping. The magnitude of the down-shift scales with
1/dt, and is largest for small θ. The measured ωRBM shifts agree qualitatively with the curvature-dependent
softening in Ref. [7]. No gate-induced change in γRBM is found for most of the SWNTs that we studied, as
is expected [7] for small (dt) SWNTs. Our result shows that chirality dependent corrections to ωRBM are
required to better assign the dt and (n,m) indices for small dt m-SWNTs, and that environmental doping
can be responsible for some of the variability in the observed ωRBM. This work also implies that the role of
the RBM in electrical transport and other phonon assisted relaxation processes warrants further
investigation.
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In this work, we carried out electroluminescence (EL) measurements on metallic single-walled carbon
nanotubes (SWNTs) and compared the light emission from the suspended section and the on-substrate
section along the same SWNT. In addition to the lowest excitonic emission for metallic SWNTs (M11), a
side peak was observed at an energy of 0.17- 0.20 eV lower than the M11 peak, which is attributed to a
phonon-assisted sideband. Interestingly, this side peak was only observed from on-substrate sections
but not from suspended sections. This is likely due to the higher electric field used in the EL
measurement of on-substrate sections and the asymmetric surroundings for on-substrate SWNT sections.
When the drain voltage is increased, either a blue shift or a red shift of the M11 emission (up to ±20 meV)
was observed in different suspended SWNTs. The red shift can be explained by the temperaturedependence of the M11 transition energy, whereas the blue shift is surprising and has never been
observed before. Some possible mechanisms for the blue shift are discussed.
With their unique electronic properties and one-dimensional structure, single-walled carbon nanotubes
(SWNTs) have potential applications in future nanoelectronics and nanophotonics. Photoluminescence
(PL) and electroluminescence (EL) have been intensively investigated to understand the fundamental
photophysics in SWNTs1-6. In both PL and EL studies, substrates have played an important role in
influencing the properties of SWNTs2, 7-9. Up to now, PL has not been observed from semiconducting
SWNTs directly grown on substrates2, and suspended semiconducting SWNTs gives a much higher PL
efficiency10 than surfactant-wrapped semiconducting SWNTs5. On the other hand, EL has been observed
from all SWNTs (semiconducting or metallic, suspended or on-substrate)1, 4, 11. Thus EL is especially
useful to investigate the fundamental photophysics of metallic SWNTs as well as substrate effects. Since
the EL properties of different SWNT devices (either suspended or on-substrate) are dramatically
different1, 3, 4, comparing the EL spectra from suspended and on-substrate sections from the same SWNT
will be very useful to provide further insight into the fundamental physics in SWNTs.
In the present work, we measured the EL emission from suspended and on-substrate sections along the
same metallic SWNT (Figure 1). While the suspended section exhibits a stronger EL signal at a given
drain voltage Vds and the signal can be clearly observed at a lower Vds, the on-substrate section has an
additional side peak at 0.17-0.20 eV below the lowest excitonic transition (M11). This side peak is
assigned to phonon-assisted emission. Moreover, in suspended sections, we have observed an
interesting blue shift of the EL emission energy at higher drain voltages, which cannot be explained by the
temperature dependence of the transition energy M11.
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Devices with on-substrate and suspended sections along the same long individual SWNTs were
fabricated either by transfer12 or by direct chemical vapor deposition (CVD) growth of ultra-long SWNTs13
on substrates pre-fabricated with trenches and electrode patterns. These substrates are the same as
those used in reference11. Briefly, a Si3N4 film (thickness ~ 38 nm) was deposited on a SiO2/Si wafer (tox =
500 nm). And then trenches were fabricated by photolithography and etching. Finally Pt electrodes
(thickness ~ 25 nm) were deposited. The CVD growth of ultra-long SWNTs was carried out by an Feassisted ethanol CVD method13. The SWNT transfer was done by a PMMA-mediated transfer method12.
The EL measurement was achieved by a home-built setup. A 50x aspheric lens was used to collect the
EL signal, and a 300 line/mm grating and a 512-pixel InGaAs detector (Hamamatsu G9204-512D,
spectrum range 900-1700 nm) were used to disperse the light and record the spectra. A typical spectrum
integration time of 60 to 120 s was used for collecting the spectra. All EL measurements were conducted
under an Argon atmosphere.

Figure 1. Schematic illustration (a) and scanning electron
microscopy image (b) of suspended and on-substrate devices
fabricated along the same SWNT.

Figure 2. (a) Drain current (Ids) versus drain voltage (Vds) plot for
suspended (red line) and on-substrate (black line) sections along
the same SWNT. The inset shows the drain current vs. gate
plot
of
the
suspended
section.
(b)
voltage
(Vgs)
Electroluminescence (EL) from the suspended section (red circle)
at Vds = 2.0 V and the on-substrate section (black circle) at Vds =
5.6 V. A gate voltage Vgs = -20 V is used in all EL measurements.
Data are offset for clarity. Red lines are a Lorentzian fit to the
results and green lines are fit curves for the individual peaks.

Figure 1a is a schematic illustration of our
metallic SWNT devices with one section on the
Si3N4 substrate and the other section suspended.
Figure 1b is a scanning electron microscope
(SEM) image of a typical device. In our
experiments, doped Si was used for the gate
(back gate). The channel lengths of the devices
are about 1 μm. The trench depth is about 300
nm. Figure 2a shows a typical drain-source
current Ids vs. drain-source voltage Vds plot of our
devices.
For the on-substrate section, Ids
saturates at high Vds due to electron scattering by
optical phonons9, whereas for the suspended
section, a negative differential conductance
occurs at Vds>1.2 V. The inset in Figure 2a
shows the drain current Ids vs. gate voltage (Vgs)
curve (under constant bias voltage Vds = 10 mV)
for the same SWNT (the suspended section),
which is a typical Ids-Vgs curve for a metallic
SWNT. In our experiments, in order to measure
EL from individual SWNT devices but not from
multi-walled carbon nanotube devices or
nanotube-bundle devices, we used the nanotube
devices in which the on-substrate sections have
saturation currents of about 25 µA.14, 15 The EL
spectra from this SWNT are presented in Figure
2b. For the suspended section, only one EL
peak was observed with a value of 1.054 eV at
Vds = 2.0 V and Vgs = -20 V. Using the diameter
information (~2.3 nm) obtained by atomic force
microscopy (AFM) measurements, the 1.054 eV
peak from the suspended section can be
assigned to the M11 excitonic transition16. There
could be an emission component from the M11
continuum which is embedded in the M11 exciton
emission since the exciton binding energy (~30
meV for 2.3-nm diameter metallic SWNTs,
estimated from the 50 meV reported for a (10,10)
SWNT17) is less than both the thermal energy
(>60 meV11) and the EL emission peak width
(~100 meV).

In contrast, for the on-substrate section, two EL peaks (0.865 and 1.036 eV) were observed.
Measurements from two other SWNT devices showed similar phenomena, namely, the suspended
sections only displayed the M11 emissions, whereas the on-substrate sections exhibited two emission
peaks, one dominant peak near M11 of the suspended section and the other one lying 0.17-0.20 eV lower
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in energy. For the on-substrate sections, a higher Vds is required for observable EL emission. Since the
exciton binding energy for a 2.3nm diameter metallic SWNT is about 30 meV, the two peaks in the
emission spectrum of the on-substrate section cannot together be identified with an M11 exciton transition
and an M11 continuum. Additionally, the two peaks also cannot be the energy splitting of the M11 transition
due to trigonal warping because this splitting is less than 70 meV for a 2.3nm diameter metallic SWNT18.
Considering that the energy difference between the two peaks (~0.17 eV) is close to a Γ-point optical
phonon energy (~0.2 eV) and a K-point phonon energy (0.16 eV), the lower energy side peak is assigned
to an optical phonon-assisted emission (either from the Γ or K point. From our later discussion, it appears
that a Γ-point optical phonon-assisted emission is more likely). Thus the peak at higher energy is
assigned to the M11 emission. Additionally, compared with that from the suspended section, a red-shift
(downshift) of 18 meV for the M11 emission from the on-substrate section was found and this downshift
will be discussed later.

Figure 3. (a) Drain current (Ids) and EL intensity plot vs. drain
voltage (Vds) for two suspended SWNTs A and B. (b) Drain
current (Ids) and EL intensity plot vs. drain voltage (Vds) for the
same on-substrate section of the SWNT used in Figure 2. M11
and EP-A denote the lowest excitonic transition and phononassisted emission, respectively.

Figure 4. Schematic diagram for direct M11 emission (a→b) and
phonon-assisted emission (c→d→b). Black dots denote
excitons. The phonon-assisted emission energy is M11 + ∆E –
Eph, where M11 is the lowest excitonic transition energy for
metallic SWNTs and ∆E is the average energy difference
between the excitons at ‘c’ and the excitons at ‘a’, and Eph is the
phonon energy.

The drain current and emission intensity vs. drain voltage are plotted in Figure 3. For suspended sections,
similar to the previous observation in reference11, EL was observed in the negative differential
conductance region, where Ids decreases with Vds and the EL intensity increases with Vds (Figure 3a). In
contrast to the suspended SWNTs, Ids for the on-substrate SWNT section used in Figure 2 continues to
increase with Vds under a large bias of up to 5.6 V, as shown in Figure 3b. But the EL intensity
dependence on Vds for the on-substrate section is different from that observed for the suspended
sections. The emission intensity for both the phonon-assisted transition (EP-A) and the M11 emission for
the on-substrate section increased slowly in the range Vds = 5.0- 5.4 V and then increased more rapidly in
the range Vds = 5.4- 5.6 V.
Now we move our attention to the origin of the phonon-assisted emissions. This phonon-assisted side
band was only observed from the on-substrate sections. Before discussing this difference, the EL
mechanisms for suspended and on-substrate SWNTs should be discussed in more detail. Previous
works11, 19 have shown that the EL from suspended metallic SWNTs is via a thermal light emission
mechanism. In this case, hot electrons are thermally distributed in higher energy bands. However, for onsubstrate metallic SWNTs, no EL mechanism has previously been reported. Since suspended SWNTs
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give observable thermal light emission above 800 K11, and on-substrate metallic SWNTs can be heated
up to 900 K in air before they are burnt out20 (in an Ar atmosphere, the same on-substrate SWNT devices
can go up to an even higher Vds, indicating that on-substrate SWNTs can go up to a higher temperature),
thermal light emission should also be possible for on-substrate metallic SWNTs. Impact excitation, which
occurs under a high electrical field1, 21, is also another possible mechanism for EL emission from onsubstrate metallic SWNTs. The average electrical field in our EL experiment is about 5 V/μm. The
electrical field in the regions of the contacts, defects and impurities may be higher.
For the energy difference between the side band and the M11 emission, two other SWNTs give an energy
difference of 0.20 and 0.17 eV. Since different excitons in 1nm diameter semiconducting SWNTs only
have an energy difference of <40 meV22, 23 and the exciton binding energy in metallic SWNTs is much
smaller than that in semiconducting SWNTs17, 24, the energy difference for different exciton levels is much
smaller in 2nm diameter metallic SWNTs. Therefore, the K-point phonon-assisted E symmetry exciton
emission should appear at slightly less than 0.16eV lower energy than the bright exciton emission23 and
the Γ-point phonon-assisted emission should appear at slightly less than 0.20eV lower energy of bright
exciton emission. Therefore, the side band observed in our EL measurement is more likely to be the Γpoint phonon-assisted emission. The smaller observed energy difference (0.17 eV) relative to 0.2 eV is
attributed to the kinetic energy of excitons.
Figure 4 depicts the processes of the M11 emission (a→b) and the phonon-assisted emission (c→d→b).
The intensity of the phonon-assisted emission is related to the number of excitons distributed above the
M11 band edge with non-zero momentum and the efficiency for these excitons to emit via the phononassisted process. For the on-substrate sections, there may be more higher-energy excitons with non-zero
momentum because a higher electric field was used in the EL measurements of the on-substrate
sections, and this higher electric field will accelerate the carriers more and may create more excitons with
higher energy and non-zero momentum21. Meanwhile, the suspended metallic SWNTs may have very low
phonon-assisted emission efficiency judging from PL studies of semiconducting SWNTs. Up to now there
has been no report on phonon-assisted PL from suspended semiconducting SWNTs. But phononassisted PL emission has been reported from surfactant-wrapped or DNA-wrapped semiconducting
SWNTs25, 26. It is possible that due to their symmetric and unperturbed surrounding suspended
semiconducting SWNTs have a low phonon-assisted efficiency. This may be the same case for our
suspended metallic SWNTs, which will account for the absence of phonon-assisted EL emission.
The phonon-assisted emission energy EP-A can be expressed as M11 + ∆E - Eph, where ∆E is the average
exciton energy relative to the zero-momentum exciton at the M11 edge and Eph is the phonon energy. Due
to the non-zero value of ∆E, the energy difference between EP-A and M11 should be less than Eph, which is
consistent with the experimental data. At a lower Vds, ∆E is expected to be smaller since in this case there
are fewer high-energy excitons in the system. Therefore the energy difference between EP-A and M11 is
expected to be larger at lower Vds. This is confirmed by our observations (Figure 5). At Vds = 5.0 V, the
energy difference between the EP-A and the M11 emission is 0.19 eV. When Vds is changed to 5.6 V, it can
be seen that the M11 emission has a red shift of 20 meV and the difference between the two peaks
becomes 0.17 eV. The red shift of the M11 emission could be due to the increase of the lattice
temperature at higher Vds.20
The energy difference between the M11 emissions from the suspended and the on-substrate section as
shown in Figure 2b can be attributed to environmental effects (differences in the dielectric constant of the
SWNT surroundings, substrate interaction, etc.), dark-bright exciton mixing and/or the temperature
difference between the suspended and the on-substrate sections under the EL experimental conditions.
Because the dielectric constant of Si3N4 (ε = 7.5) is significantly larger than that of air (ε = 1) and the
transition energy of SWNTs is smaller in higher dielectric constant surroundings7, 27, substrates can
induce a red shift of M11. Van der Waals interactions with the substrates can induce an elastic
deformation in the SWNTs28 and make their transition energies shift (tens of meV)29. The asymmetric
surrounding and higher electric field required for the emission can introduce a perturbation to the onsubstrate sections. Such perturbations can promote dark-bright exciton mixing and also can induce a red
shift of the transition energy (by several meV)30, 31. The temperatures for the suspended and on-substrate
sections are unknown and the temperature difference may contribute up to a -10 meV shift in the M11
transition per 100-K temperature difference32.
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Figure 5. EL from the on-substrate section of the
SWNT used in Figure 2 at different drain voltages.
Red line for Vds = 5.6 V, black line for Vds =5.0 V. (For
both data sets Vgs is at -20 V.) Blue lines are a
Lorentzian fit to the emissions and green lines are fit
curves for the individual peaks.

Figure 6. Red shift (a) and blue shift (b) of the EL emission position with
increasing drain voltage observed for suspended sections of two different
metallic SWNTs. The dashed red lines are guidance for the eyes. From
bottom to top, in (a), Vds = 2.0-2.4 V with steps of 0.1 V, in (b) Vds = 1.01.6 V with steps of 0.1 V. For all data sets Vgs is at -20 V. (c) A twoLorentzian peak fit to the emission profiles from the suspended SWNT in
(b), from bottom to up, Vds = 1.3-1.6 V with a step of 0.1 V.

For the suspended sections, some SWNTs show a red shift and others show a blue shift of the EL peak
standing from the Vds at the onset of the EL emission and going to the Vds point just before the SWNT was
burnt out (Figure 6a and 6b). All EL emission from suspended sections was measured in the negative
differential conductance region. Different SWNTs give different maximum energy shifts (between ±20
meV). For the suspended SWNTs, the lattice temperature of the SWNTs increases with increasing Vds11
and the transition energies (such as M11) decrease with increasing temperature32. Therefore, in some
suspended SWNTs the temperature dependence of the transition energies may dominate the EL
emission shift, which gives a red shift of the EL emission with increasing Vds. In other SWNTs, other
factors may dominate the EL emission shift. Noticing that the EL emission peaks from the suspended
section are asymmetric, the emission profile can be fit by two components: a low-energy component and
a high-energy component (Figure 6c). As Vds increases, the intensity of both the low-energy component
and the high-energy component increase but the energy of the peak positions of these two components
remain unchanged (Figure 6c). However the intensity ratio for the high-energy component to the lowenergy component increases with Vds, which gives rise to a blue shift of the overall spectrum. Therefore,
this blue shift is due to a relatively higher intensity of the high-energy component. Since suspended
SWNTs have a higher temperature at a higher Vds11, the relatively higher intensity of the high-energy
component may correspond to relatively more thermally-excited excitons occupying the higher energy
level. Such a higher energy level could be identified with either the M11 continuum and/or the

+
M11
exciton

level (the higher energy component of the trigonal warping-split M11 transition). For the SWNT shown in
+

Figure 6c, the M11 exciton emission is the most likely explanation judging from the energy difference
between these two emission components (~50 meV).
In conclusion, we have carried out EL measurements on suspended and on-substrate sections of the
same metallic SWNTs. A phonon-assisted emission was found from the on-substrate sections, which may
be due to the higher electric field and the asymmetric surroundings for the on-substrate SWNT sections.
In the suspended SWNT sections, some SWNTs showed a red shift and others showed a blue shift of the
EL peak position with increasing Vds. The blue shift, which cannot be understood by a temperaturedependent transition energy, could be caused by the fine features of the emission spectrum at a higher
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temperature, either emission from the M11 continuum and/or from the upper component M11 of the
trigonal warping-split transition energies.
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Direct Deposition of Single-walled carbon nanotubes thin films via Electrostatic sprayassisted chemical vapor deposition
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1. Introduction
Single-walled carbon nanotube (SWNT)-based monolayer- or submonolayer-thin films on substrates
represent a material platform that is attractive for many applications, such as thin film transistors for
display and flexible electronics, transparent electrodes [1-6], substrates for neuron cell growth and
stimulation [7], etc. In order to obtain such a thin film of SWNTs on substrates, most approaches are
solution-based, i.e., a bulk amount of SWNT material is purified and dispersed in solution, and is
deposited on the substrate afterwards via different techniques, such as drop casting, spraying [5, 6] or
vacuum filtration [4]. The purification and dispersion steps are costly and time consuming. More
importantly, due to the sonication treatment during these steps, defects are created along the length of
SWNTs, and the nanotubes are cut to an average length of 1 μm or less. As a result, the electrical
properties of these SWNTs films are degraded. Here we use a floating catalyst chemical vapor deposition
(CVD) method to directly coat a substrate with SWNT thin films. The catalyst is dispersed into an aerosol
produced by electro-spraying since this method [8, 9] is expected to provide small, highly charged
droplets with a narrow diameter distribution when using a strong applied electrical field [10]. These
droplets of ethanol solution containing ferrocene provide both the catalyst and carbon precursor for the
SWNT growth. Once the nanotubes are generated in the hot zone, they are carried by the gas flow and
deposit on a low temperature surface at the downstream end of the furnace. Atomic force microscopy
(AFM) and Raman spectroscopy are used as characterization techniques to examine where the
nanotubes deposit inside the furnace. It was found that the SWNTs are mainly deposited at specific
locations, instead of uniformly coating the inside of the reactor. By considering different types of forces
acting on the floating SWNTs, the preferential SWNT deposition at specific locations can be understood.
By optimizing the CVD process parameters, films consisting mostly isolated SWNTs could be obtained,
as confirmed by comparison of Raman and AFM size distributions. Furthermore, an investigation of the
length distributions of nanotubes deposited at different locations indicates the potential of in-situ SWNT
sorting.
2. Experimental
Figure 1 is a schematic depiction of our synthesis setup: Ethanol (99.9 %, Aldrich) with 0.01 M Ferrocene
(99 %, Aldrich, 1.86 mg/ml) is used as the catalyst and carbonaceous precursor, respectively, and is
introduced into a spray nozzle. The solution is dispersed into an aerosol when the surface tension of the
liquid/air interface is overcome by a strong electrostatic field (on the order of 106 V/m) applied between
the spray nozzle (-6 kV) and the counter electrode (Ground) (as indicated in the inset of Fig. 1).
Subsequently small droplets are extracted from the spray nozzle. The precursor solution was delivered to
the spray nozzle at a flow rate of 8 ml/hr. The atomized and charged droplets of the precursor solution are
carried into the growth chamber by a flow of argon/hydrogen (with a volume ratio of 61/39 and a total flow
rate of 1000 sccm). Silicon substrates with 100nm thermally grown oxide (SiO2/Si) were placed inside the
chamber to collect the grown nanotubes (Fig. 1). In order to investigate the deposition of SWNTs
throughout the furnace, long SiO2/Si substrates were stacked to cover the entire length of the furnace (35
cm). Three growth temperatures, 950°C, 1000°C and 1100°C, were used in this study. The growth time
was usually 4 minutes, after which the catalyst delivery was turned off and the samples were cooled down
under Ar/H2 flow. After the CVD process, AFM imaging and confocal Raman mapping across the surface
of the substrates were used to characterize the SWNT deposition. The temperature inside the furnace
and substrate temperatures at different locations were measured using two K-type thermocouples that
reached into the reaction zone.
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Figure 1: A schematic diagram of the synthesis setup: x is the
position along the CVD chamber, and x=0 is designated to be
the furnace center. The edge of the furnace at the downstream
end is x=17.5cm. Inset: close up of the spray nozzle with an
indication of the electrical field.

Figure 2: (a) Spatial distribution of the integrated G band
-1
-1
intensity (1500 cm ~1650 cm ) (black), the integrated D-band
-1
-1
intensity (1250cm ~1400cm ) (red) and the fitted G-band
intensity (green) for three different growth temperatures: 950,
1000 and 1100°C. (b-d) Representative AFM images of the
sample morphology taken at the center of the density
distributions for 950°C (b), 1000°C (c), and 1100°C (d) growth
temperatures.

3. Results and discussion
In order to characterize the materials deposited on the substrates, confocal Raman spectroscopy (with a
laser spot of ~1 μm2) was used to scan a line across the substrates, with a step size of 35 μm using an
excitation wavelength of 532nm. The G-band, a Raman mode at around 1600 cm-1 and associated with
the in-plane vibrations of sp2 carbonaceous species was used to examine the deposition of the obtained
material. The intensity variation of this Raman feature across the sample can give an overview of the
spatial distribution of the nanotube density [11]. Figure 2(a) presents the integrated G band intensity
(1500cm-1~1650cm-1) vs position x (black) for three different growth temperatures. It can be seen that
most carbonaceous materials are deposited in the region close to the edge of the heating zone (x=17.5
cm, Fig. 1) at the downstream end of the furnace. In other locations, almost no G band intensity was
observed.
The integrated intensity of the Raman D band around 1300 cm-1 (from 1250 cm-1 to 1400 cm-1) vs position
x for these three growth temperatures are also shown in Fig 2(a) underneath the corresponding G-band
distribution. The D band in the Raman spectrum is known to arise from the defects in sp2 structures. The
average ratio of our G/D band intensities is about 50. This low D band intensity indicates that our samples
contain high quality graphitic structures and a low content of amorphous carbon material. This is
consistent with Figure 2(b)-(d) where AFM images were taken at the center of the density distributions for
950°C (b), 1000°C (c), and 1100°C (d) growth temperatures and they show that most of the deposited
materials are SWNTs. The average spatial distribution of the G-band intensities (green curves in Fig 2(a))
follows a Gaussian distribution and its center shifts toward the downstream edge as the growth
temperature increases. On the other hand, the width of the fitted Gaussian distribution becomes larger at
lower growth temperatures. From the G band intensity distribution in Fig. 2(a) it can be seen that in order
to obtain a uniform coating on the substrate, the sample size would have to be limited to 2 cm for the
1000°C case, whereas for the 950°C growth, there is a wider range (>3 cm) for an even coat of SWNTs
on the substrate.
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Figure 3: (a) Representative AFM images of the growth results at different
positions x along the furnace: (a) 14 cm (b) 14.5 cm (c) 15.5 cm (d) 16.5
cm (e) 17.5 cm (growth temperature 1000°C) (d) Diameter distribution of
the SWNTs around position (d) as obtained by Raman and AFM
measurements taken from 435 and 450 nanotubes, respectively.

Figure 4: (a) Spatial temperature distribution along
the x direction. Spatial temperature gradient
distribution (b) in the radial and (c) x directions.

Figure 3 presents a series of AFM images taken on substrates at different locations inside the furnace for
the growth temperature of 1000°C. The density of SWNTs in Fig 3(a)-(e) is consistent with the
measurement of variation of the average integrated G band intensity in Fig. 2(a).
The diameter distribution of the nanotubes is derived independently from analysis of AFM images from
450 nanotubes and their Raman characterization (Fig. 3(f)). Confocal Raman spectra with eight different
laser excitation wavelengths (457 nm, 488 nm, 514 nm, 532 nm, 594 nm, 647 nm, 675 nm, 780 nm) were
taken in a 200 μm × 40 μm area in the same spatial region as the AFM images were taken to ensure a
representative coverage of nanotubes with different resonance condition. The diameter of each individual
nanotube was determined from the frequency of its RBM mode [12, 13] using formula A=218.8/B -15.9
where A and B are the frequency of the RBM mode and the diameter, respectively Good agreement
between the two diameter distributions derived by AFM and Raman measurements(Fig 3(f)) is observed.
This indicates the absence of a significant amount of nanotube bundles because the diameter derived
from the AFM height measurement - representing the diameter of the entire bundle- would differ from the
distribution from Raman analysis which only probes the diameters of individual SWNTs within this bundle.
Thus it can be seen that for the growth at 1000°C most deposited nanotubes are isolated SWNTs, which
is very important for certain applications [14, 15]. We attribute this high probability of depositing isolated
SWNTs to the fact that we used a much more dilute concentration of both the ferrocene catalyst and the
carbon precursor (compared with ref. [16], the carbon precursor is about 16 times more dilute in the
carrier gas and the ferrocene to carbon precursor ratio is about 10 times less.) as well as the small
diameter of the generated aerosol particles that is expected from electro-spray dispersion. As a result, the
as-grown SWNT aerosol concentration inside the furnace is much reduced and the nanotubes have less
chance to interact with each other in the gas phase to form bundles. Furthermore it is worth mentioning
that the diameter distribution is fairly narrow, ~±0.3 nm, and the average diameter is <1 nm, which makes
these nanotubes very useful for optical and spectroscopic applications [17, 18].
In order to understand the distribution of SWNT density as a function of their position on the substrate,
thermocouple temperature measurements were conducted across the cross section of the reaction
chamber (termed radial direction as the chamber is cylindrical) and along the length of the reaction
chamber (termed x-direction in Fig. 1). Figure 4 displays the gas-temperature (Fig 4(a)) and the
temperature gradients ΔT in the radial (Fig 4(b)) and x-direction (Fig 4(c)) as a function of position x along
the chamber. The radial temperature gradient is approximated by taking the difference of the gas and the
substrate temperature at the same x. It is expected that the walls (which are subjected to a more intimate
heat transfer from the furnace and the environment) are cooling down faster than the gas stream, and
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indeed it can be seen in Fig 4(c) that ΔT in the radial
direction increases in magnitude towards the
downstream edge of the furnace. This temperature
gradient will give rise to a thermophoretic force on
the floating SWNTs in the radial direction [19],
driving them towards the colder substrate and
depositing them on the substrate. In addition, the
floating aerosol particles (including SWNTs) in the
gas stream experience other types of driving forces
that will move them in the x-direction: (1) Diffusion
because of a density gradient of the produced
SWNTs along the furnace will direct them from the
reaction zone, where they are grown, towards the
two ends of the furnace tube; (2) A thermophoretic
force in the x-direction due to the changes in
temperature along the x direction as shown in Fig
4(a) will give rise to a motion of the particle away
from the hot reaction zone; (3) The gas flow will
exert a drag force on the particle towards the
Figure 5: AFM images of SWNTs grown at 1100°C and
collected at x=16.2cm (a) and 17.4cm (c) respectively. Length
downstream direction. This drag force is strongly
distributions for the obtained nanotubes at x=16.2cm (b) and
dependent on the size of the particles, especially if
17.4cm (d). Growth temperature was 1100°C.
they become comparable to the mean free path of
the gas molecules [20]. From Fig. 3(b) we can see
that as we follow the gas flow direction from upstream to downstream, the materials which precipitated on
the substrate first consists of very short, broken pieces of SWNTs. We attribute this to the fact that since
these pieces are short, the drag force on them due to the gas flow is small. At the same time the small
mass of these particles gives them larger mobility in small temperature gradients, which appear closer to
the reaction zone. As a result these fragments start to precipitate at a location earlier than larger
nanotubes.
Longer nanotubes, on the other hand experience (apart from the diffusion and thermophoretic forces) a
stronger drag force and are carried further downstream and deposit at a later position. This implies that
the floating catalyst CVD can be potentially used for in-situ separation of SWNTs if varying forces can be
applied to different types of SWNTs. Thus it is possible for SWNTs of different lengths to be spatially
separated. Indeed, the results in Fig. 5 confirm this point. Figure 5 (a) and (c) are AFM images of SWNTs
grown at 1100°C and collected at 16.2 cm and 17.4 cm respectively (Growth conditions correspond to the
ones used in Fig. 2(a)). A high ethanol decomposition rate at this temperature results in carbon coating
over the catalyst (as indicated by the increased size of catalyst clusters in Fig. 5(a) and (c)) and therefore
the catalyst lifetime becomes shorter. As a result, the SWNTs are much shorter compared to the 950 and
1000 °C cases. These short SWNTs simplify the observation of the length dependent separation by AFM.
Figures 5(b) and (d) show the length distributions of the SWNTs collected at the same positions (28
SWNTs and 288 SWNTs are used for the distributions, respectively). It can be seen that SWNTs with an
average length <1 um precipitate earlier than SWNTs with average length >1 μm.
Our analysis of the various forces acting on the floating aerosol particles (SWNTs and catalyst particles,
etc) helps to explain other experimental observations as well. For example, if the growth conditions are
not tuned well (i.e. when using too high concentrations of carbon precursor), amorphous carbon will
deposit even at the upstream edge of the furnace (region -16.5cm ~ -17.5cm). This can be understood if
one considers the following scenario: The floating amorphous carbon particles are too small to
experience a significant drag force from the gas flow. Since there are diffusive and thermophoretic forces
in both directions along the chamber they can drive the particles from the hot zone to both ends of the
furnace. As a result, some of the particles are moving against the flow and are finally deposit at the
upstream cold region.
Finally we note that the comparison of the SWNT spatial distributions of the three growth temperatures
provides further insights into the growth of the SWNTs. As shown in Fig. 2(a), the center of the average
spatial distribution shifts toward the downstream edge as the growth temperature increases. On the other
hand, Fig. 4(b) and 4(c) show that both the axial and the radial temperature gradients are very similar in
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the regions of interest for the three growth temperatures (Fig. 4(a)) and cannot explain the observed
trends. However, the diffusion of nanotubes away from the reaction zone is expected to increase with
increasing temperature and indeed we see that nanotubes grown at 1100°C deposit further downstream
than the ones grown at 1000°C or 950°C. This result also sheds some light on the lesser importance of
drag force compared to diffusivity: Since the average length of the nanotubes grown at 950°C is much
higher than the nanotubes grown at 1100°C, the drag force would cause the opposite trend. Instead the
temperature and inverse length dependences of the diffusivity [21] prevail and cause the observed
tendency in the center position of the density distribution.
4. Conclusions
In this work, we used floating catalyst CVD to directly deposit very thin films of SWNTs on substrates,
which is important for many applications. If a low nanotube concentration condition (i.e., low catalyst
concentration and low ethanol injecting rate) is maintained, an isolated nanotube film can be obtained.
The deposition of floating SWNTs on the substrate can be explained by analyzing the forces acting on
them. A length separation of nanotubes deposited at different positions was observed which shows
potential for future applications.
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