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Charge Transfer at Junctions of a Single Layer of
Graphene and a Metallic Single Walled Carbon Nanotube

Geraldine L. C. Paulus, Qing Hua Wang, Zachary W. Ulissi, Thomas P. McNicholas,
Aravind Vijayaraghavan, Chih-Jen Shih, Zhong Jin, and Michael S. Strano*

Iunctions between a single walled carbon nanotube (SWNT) and a monolayer of
graphene are fabricated and studied for the first time. A single layer graphene (SLG)
sheet grown by chemical vapor deposition (CVD) is transferred onto a SiOySi
wafer with aligned CVD-grown SWNTs. Raman spectroscopy is used to identify
metallic-SWNT/SLG junctions, and a method for spectroscopic deconvolution of
the overlapping G peaks of the SWNT and the SLG is reported, making use of the
polarization dependence of the SWNT. A comparison of the Raman peak positions
and intensities of the individual SWNT and graphene to those of the SWNT-graphene
junction indicates an electron transfer of 1.12 x 10'3 cm™ from the SWNT to the
graphene. This direction of charge transfer is in agreement with the work functions of
the SWNT and graphene. The compression of the SWNT by the graphene increases
the broadening of the radial breathing mode (RBM) peak from 3.6 £ 0.3 to 4.6
0.5 cm™ and of the G peak from 13 + 1 to 18 + 1 cm™, in reasonable agreement with
molecular dynamics simulations. However, the RBM and G peak position shifts are
primarily due to charge transfer with minimal contributions from strain. With this
method, the ability to dope graphene with nanometer resolution is demonstrated.

cylinder with a diameter on the nanometer length scale and
electronic properties that vary from metallic to semi-con-
ducting depending on its diameter and chiral angle.[*°l Both
materials have exceptional optical, mechanical, thermal and
electronic properties.['-]

Although electronic transport in graphene as well as in
SWNTs has been extensively explored,[ 1] very few studies
have investigated transport through the interface formed
between a carbon nanotube and graphene or graphite, and
in fact no study to date has investigated a junction between
SWNTs and SLG. Paulson et al. used conductive atomic

1. Introduction

Single layer graphene (SLG) is a planar sheet of sp>-bonded
carbon atoms, organized into a hexagonal crystal lattice.
It is a semi-metal or zero-band gap semiconductor.'3] A
single walled carbon nanotube (SWNT) can be thought of
as a single layer of graphene rolled into a seamless hollow
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force microscopy (AFM) to measure the contact resistance
between a multi-walled carbon nanotube (MWNT) and
highly ordered pyrolytic graphite (HOPG) and found that
the resistance varies significantly (between ~5 and ~75k Q)
based on the orientation of the MWNT lattice with respect
to the graphite lattice.''1 Both HOPG and MWNT are con-
sidered to be zero-gap metals. Pei et al. grew both semicon-
ducting (sc-) and metallic (m-) SWNTs on top of exfoliated
few-layer-graphene (FLG) and designed a bottom-gated
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field-effect transistor (FET) by contacting the SWNTSs and
the FLG with palladium electrodes.['?l They observed fairly
symmetric /-V curves for a junction between a m-SWNT and
FLG, suggesting no obvious potential barrier exists between
the m-SWNT and graphene. For a sc-SWNT/FLG junction
they observed rectifying behavior, characterized by a small
positive threshold voltage of 0.1 V, indicating the existence of
a Schottky barrier.

In this work, we create and study a junction between
SWNTs and a monolayer of graphene, an ideal one-dimen-
sional-to-two-dimensional carbon-allotrope conductive inter-
face, for the first time. Our interest is in the degree of charge
transfer (i.e. doping) between both materials. The ability to
controllably dope graphene and change its work function
is key to its implementation in devices such as (opto-) elec-
tronics and biosensors, and interconnects.’3>-!7l Addition-
ally, there is a strong preference to dope graphene without
covalently functionalizing it or substituting carbon atoms,
such that graphene’s outstanding electronic properties are
preserved.'1%] Finally the transition from 2D to 1D elec-
tronic conduction may lead to new physics that could be of
interest for engineering novel electronic junctions, including
rectifiers, transistors and sensors. The interactions between a
single m-SWNT and a single layer graphene sheet that covers
the SWNT are studied using Raman spectroscopy, revealing
that the SWNT locally dopes the graphene. We demonstrate
polarized spectral deconvolution of the Raman spectra as a
technique to enable the study of these carbon junctions. A
molecular dynamics simulation rules out strain as the cause
of the observed Raman peak shifts. Since the SWNT is able
to dope the graphene in a spatially controlled way without
affecting its sp>-lattice structure, we do not expect a signifi-
cant mobility loss in the graphene. Moreover, it is now pos-
sible to dope graphene with nanometer precision.

2. Results

Aligned SWNTs were grown on a SiO,/Si wafer via chemical
vapor deposition (CVD). A monolayer of graphene was also
synthesized via CVD and transferred on top of the wafer with
SWNTs as described in the Experimental Section. Figure 1
shows a schematic of the SWNT/graphene junction. Figure S1
(Supporting Information) shows an array of scanning elec-
tron microscopy (SEM) images of the entire wafer and
indicates the particular SWNT/graphene junction being inves-
tigated, as well as an AFM image of a representative SWNT.
The way the sample is made allows for direct comparison
between different regions of the same sample. Raman spec-
troscopic maps were taken at 3 different regions in the same
sample (Figure 1). In Region 1, 75 spatially distinct Raman
spectra were collected along ~100 um of the bare SWNT. In
Region 2 (~20 x 100 um), 75 spatially distinct Raman spectra
are taken of the graphene alone. Finally we were able to
gauge the influence of the SWNT on the graphene and vice
versa by collecting 75 Raman spectra in distinct locations in
Region 3 where the graphene covers the SWNT (spectra of
the junction were taken for ~100 um along the length of the
SWNT). This allows for direct internal controls. The reason
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Figure 1. Schematic of the SWNT-CVD graphene junction (not to scale).
Region 1 indicates a part of the SWNT that is not covered by graphene
(Raman spectra taken along ~100 pum of the SWNT). Region 2 indicates a
(~100 um by 20 um) region of graphene away from the junction. Region
3 indicates a region where the graphene is directly on top of the SWNT
(Raman spectra taken along ~100 um of the SWNT). In order to obtain
statistically relevant data, in each region 75 distinct Raman spectra
were collected at different spots. Given a laser spot size of ~1 um, the
spectra were taken at least 1.25 um apart from one another, thereby
avoiding overlap.

for collecting this many spectra in each region is the ability to
take into account any possible spatial inhomogeneity of the
graphene, SWNT and the substrate and to make meaningful
statistical comparisons between the different regions.

Figure 2 shows representative Raman spectra from each of
the different regions. Figure 2(a) is a representative spectrum
of the SWNT used for this study in Region 1. The character-
istic Raman modes of SWNTs are the RBM (radial breathing
mode), which typically occurs between 100-300 cm™'; the G
band at ~1580 cm™'; the D peak (1300-1400 cm™') and the 2D
peak (2600-2800 cm™).[21 By locating the RBM of the inves-
tigated SWNT (177 cm™) and the laser energy (1.96 V) on
a Kataura plot,m] we assign the SWNT as metallic, and most
likely a (13,7) chirality SWNT, with a diameter of ~1.35 nm.
Due to the curvature of the SWNT, the G peak splits into
two components G~ (at 1572 cm™) and G* (at 1592 cm™).
Figure 2(b) shows the graphene Raman spectrum. A mono-
layer of graphene is typically characterized by a D-peak near
1300-1350 cm™, a G-peak near 1580 cm™! and a 2D peak near
2600-2700 cm1.[2223] The relative intensities and the widths
of the G and 2D peaks as well as the color contrast in the
optical microscopy image confirm we have grown monolayer
graphene (SLG).[?2%] A more detailed analysis of the SWNT
and graphene Raman signature is included in the Supporting
Information, Section II.

Figure 2(c) shows a representative spectrum of graphene
covering the SWNT. The RBM feature of the SWNT and the
2D feature of graphene are clearly distinguishable; however,
the G-bands of the SWNT and the graphene overlap, making
it difficult to tell which of the G-peaks is characteristic of the
SWNT and which of the graphene. Because the Raman signal
of a SWNT depends on the laser-polarization, mainly due
to its anisotropic shape,[?*29 it can be blocked while main-
taining the signal from the graphene by rotating the polari-
zation angle of the incident laser beam. Figure 3 shows the
laser-polarization-dependence of the Raman signal of the
SWNT and the graphene, obtained by using a half-wave plate
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Figure 2. Representative Raman spectra, taken at 633 nm laser excitation, with the characteristic peaks assigned (SWNT peaks denoted in red,
graphene peaks in blue and substrate peaks with green asterisks). (@) Spectrum taken in Region 1 (SWNT exposed to air). The two insets show the
RBM and the G peak. (b) Spectrum taken in Region 2 (Graphene exposed to air). Inset shows the G-peak. (c) Spectrum taken in Region 3 (Graphene
covering SWNT). Inset shows the G-peaks. (d) Spectrum taken in Region 3 with a half-wave plate that ensures the laser polarization is perpendicular

to the SWNT. Inset shows the G-peak.

to rotate the incident polarization. The intensity of the Raman
signal is the largest when the polarization of the incident light
is parallel to the nanotube axis (o= 0° and o= 180°) and dis-
appears completely when it is perpendicular to the nanotube
axis (o0 = 90°, Figure 3(a)). For the SWNT the polarization
difference ratio I = @ (where I represents the intensity
of the signal, measured as the area under the curve), equals
0.98. It is important to verify the effect of the half-wave plate
on the Raman signal of graphene, shown in Figure 3(b); the
half-wave plate has no influence on the G-peak position and
very little on the G-peak intensity ([ = —0.04). This result
is expected, since graphene is largely isotropic. Figure 2(d)
shows the spectrum taken at the exact same location as the
one in Figure 2(c) but with the insertion of the half-wave
plate at = 90°. The RBM and G-band signals of the SWNT
disappear whereas the graphene peaks are still present.
Figure 4 and Figure S2 show the influence of the SWNT
on the CVD-graphene by comparing the different data
points in Region 2 to those in Region 3. The datasets pre-
sented here, as well as those in Figure 5 and Figure 6, clearly
show the importance of collecting multiple spectra in each
region and comparing the different distributions as a whole.
Each distribution shows some spread. This is possibly due

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

to small temperature and humidity fluctuations throughout
the experiment and small spatial variations in doping (e.g.
residual PMMA on the graphene). We note though that all the
shifts between the different distributions shown in Figures S2,
and Figures 4, 5 and 6 are statistically significant, according
to both the student t-test and the Kolmogorow-Smirnov test
(where the likelihood that the two sample sets belong to the
same population was virtually 0 for all datasets).

The G and 2D peaks contain information about the level
of doping and strain in graphene.?>?*?7-2] Figure S2(a)
shows how the G-peak position of graphene upshifts by
about 10 cm™! when it covers the SWNT, indicative of doping.
The 2D peak decreases by ~3 cm™ (Figure S2(b)), which
indicates that the type of doping is n-type.[?! Figure 4(a)
shows the 2D peak position versus the G peak position of
graphene on the SiO, substrate (black squares) and on top of
the SWNT (red dots). The dashed lines represent the doping
trajectories adapted from existing literature: Das et al.
injected excess charge carriers in graphene via electrostatic
gating while simultaneously recording the graphene Raman
signal.?l The curves are shifted to account for the depend-
ence of the 2D peak position on excitation laser wavelength
since the original trajectories by Das et al. were collected
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Figure 3. Influence of a half-wave retardation plate on the G-band
Raman signal of (@) SWNT and (b) graphene. o represents the angle
between the polarization of the excitation laser and a line parallel to
the SWNT.

at 532 nm and in this work a 633 nm excitation source was
used.?l The trajectory starts out on the left side of the graph
with undoped graphene. For both p- and n- doping the G
peak position increases but the 2D position shifts differ-
ently for each type of doping resulting in the two branches in
Figure 4(a). Our data superimposed on these doping trajec-
tories also supports the conclusion of n-doping of graphene
from the m-SWNT.

Another measure of doping is a decreased 2D/G intensity
ratio,[?7.2%3] depicted in Figure S2(d). Combined with the pre-
vious trend of increased G peak, another doping trajectory
can be set up (Figure 4(b)). It should be noted that G-peak
information of graphene on top of the SWNT was deduced
from spectra taken with the half-wave plate, as it is clear
from Figure 2(c) it is hard to deduce which peaks belong to
graphene and which to SWNT without it. Due to the intro-
duction of the additional optics the intensity of the G-peak
decreases by ~8.5% (see Figure S3) and it can be considered
as the lower limit of the actual value of the G peak intensity.
This implies that the 2D/G intensity ratio in Figure 4(b) and
S2(d) for graphene on top of the SWNT is an upper limit,
which further confirms the doping trend.

A final indication doping is a decrease of the G peak
full width at half maximum (FWHM),?723% which we
also observe (Figure S2(c), Figure 4(c)). Figure 4(c) shows
the FWHM of the G peak plotted against the G peak
position. The dashed doping trajectory, adapted from [29]
indicates increased doping levels lead to a stiffer G peak
and an increased G peak position. This trend line has been
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Figure 4. Influence of the SWNT on the graphene. Comparison of
some characteristic Raman signals of the graphene in Region 2 (on the
substrate, black squares) and Region 3 (on top of the SWNT, red dots).
(a) Effect of SWNT on the G and 2D-peak position of graphene. (b) Effect
of the SWNT on the 2D/G intensity ratio and the G position of graphene.
(c) Effect of the SWNT on the G peak position and width of the graphene.
Dashed lines are trendlines that represent doping trajectories adapted
with permission from 29! and (58],

shifted upward to take into account the larger G peak
FWHM in CVD graphene, compared to that in exfoliated
graphene.

Note that the G peak position data taken in Region 3,
shown in Figures 4 and S2 are characterized by a slightly
broader distribution than the other distributions. This is
likely because the SWNT G peak and the graphene G peak
in Region 3 partially overlap and the deconvolution slightly
overestimates the width of the graphene G peak.
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Figure 5. Influence of the graphene on the SWNT peak positions. Comparison of Raman
signals of the graphene in Region 1 (exposed to air) and Region 3 (underneath the graphene).
The lower and higher ends of the boxplots represent the 25 and 75 percentile marks of the
distributions respectively, and the middle line is the median value. Minimum and maximum
values are represented by black stars, and the average is the black square. The red triangles
in (a),(b) represent the complete dataset superimposed on the boxplots.
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both the RBM and the G peak position of
the SWNT when it is covered by graphene.
It has been shown both theoretically and
experimentally that upon doping the RBM
and G-peaks of SWNTs can upshift.[31-3]
There is some disagreement in the litera-
ture about the exact nature and extent of
this doping. Farhat et al. claim the RBM
upshift is only observed for m-SWNTs 3!l
whereas others do not make the distinc-
tion between sc-SWNTs and m-SWNTs
when observing this phenomenon.[3330]
The experimental conditions and nanotube
sources are different in each publication.
Since Farhat et al. also use CVD-grown
SWNTs, their observations may be more
relevant to our work.

Comparing the SWNT Raman signal in Region 1, where
the SWNT is exposed to air, to that in Region 3, where it is
covered by graphene, also yields some interesting observations.
Figure 5 shows the influence of the graphene on the RBM and
G~ peak position of the SWNT. In contrast to the G*peak-posi-
tion of the SWNT, the G™-position can still be extracted from
the Raman signal in Region 2 without the half-wave plate (i.e.
the dark blue curve in Figure 2(c)). Figure 5 shows an upshift in

3. Discussion

The spectroscopic Raman data indicate that the graphene
is being n-doped at the junction with the m-SWNT. Part of
these electrons can come directly from the m-SWNT. When
the SWNT and the graphene are brought in contact, electrons
will flow from the material with more electrons (more shallow
Fermi energy level E, compared to vacuum) to the material
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Figure 6. Influence of strain on the SWNT. (a) Molecular representation of the system (front view). Upper panel: (13,7) SWNT on SiO,; lower
panel: (13,7) SWNT on SiO, covered by a graphene sheet. (b) Distribution of bond lengths in the (13,7) SWNT. (@) Comparison of FWHM of the
SWNT’s RBM in Region 1 and Region 3. (d) Comparison of FWHM of the SWNT’s G~ peak in Region 1 and Region 3. The lower and higher ends of
the boxplots represent the 25 and 75 percentile marks of the distributions respectively, and the middle line is the median value. Minimum and
maximum values are represented by black stars, and the average is the black square. The red triangles in (c),(d) represent the complete dataset
superimposed on the boxplots.
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with fewer electrons (deeper Ep compared to vacuum) to
equalize the Fermi levels in the two materials. The theoretical
work function of SWNTs is chirality dependent. For a SWNT
like the one studied by us with a diameter of ~1.35 nm, Barone
et al. have calculated via density functional theory (DFT)
that the work function is 4.5 eV, whereas the work function
for graphene is determined to be 4.68 eV.*”l The work func-
tion is defined as the energy difference between the vacuum
energy level and the Fermi energy (Ej) level of the material,
which implies a material with a larger work function has a
lower lying E (in this case graphene). Based on the DFT cal-
culations of the work functions of the materials used in our
study, we expect electrons to flow from the m-SWNT to the
graphene, consistent with the doping trends observed in our
Raman study. It should be noted that we use CVD-grown
graphene that has been exposed to several processing steps
during its growth and transfer, so it is likely that its work
function deviates from a pristine graphene crystal lattice in
vacuum.

The recorded Raman shifts can provide information
about the amount of charge that is transferred between the
m-SWNT and the graphene. Both Das et al.l’?l and Farhat
et al.?*? have studied Raman spectra of graphene and
SWNT devices respectively under conditions of electrostatic
doping. In the case of the former, Das et al. electrochemi-
cally gated a graphene monolayer with a polymer top gate
(PEO/LICIO,) and recorded the G-peak position shift as a
function of the applied gate voltage V.[?’l Farhat et al. gated
a metallic SWNT with the same top gate (PEO/LiClO,) and
recorded both G-peak and RBM position shifts as a func-
tion of V.33 Below, we calculate the carrier concentra-
tions that correspond to the peak shifts in order to estimate
the respective doping concentrations observed in SWNT/
graphene junction reported in this work.

It is possible to relate V; to the carrier concentration
n and thus to relate typical Raman peak position shifts to
added dopant concentrations:

net; + th,gmpheneV mn

h Vo =
for graphene G ot p (1)
= An+ BJn
necosh™ ((ta+ r)/r)  nhvr swar
SWNT: Vg = ;
for ¢ 2meeg " € ()

(C+ D)n

where A,B,C and D are constants >0. In these equations e is
the unit charge of an electron, ¢, is the thickness of the die-
lectric, € is the relative dielectric constant of the dielectric, ¢,
is the vacuum permittivity, 4 is the Planck constant and A,
its reduced form, v is the Fermi velocity and r is the SWNT
radius. The derivation of these equations is included in the
Supporting Information (Section V).

Based on Das et al.’s recorded values of G peak shift vs.
V.12l and the relationship between V; and n (Equation (1))
we deduce that a peak shift of about 10 cm™! (observed in our
own experiments in Figure S2(a))) requires a gate voltage
of 1.2V which corresponds to an added electron concentra-
tion &n = 1.12 x 10" cm™. Based on Farhat et al.’s recorded
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peak shifts of the RBM,P!l the shift we observe (~1.5 cm™!
(Figure 5(a))) requires at least a positive or negative gate
voltage equal to |1.5 V|, which, according to Equation (2)
implies a lower bound of the added electron or hole concen-
tration of ~|dn| = 3.34 x 10° cm™. It should be noted that for
both positive and negative applied gate voltages the observed
RBM-shifts of the SWNT eventually saturate. The RBM posi-
tion upshifts by ~ 1.5 cm™ by applying a |V = 1-1.5 V but
for higher values of |V;| the RBM peak position no longer
changes (e.g. Figure 5 of ref. [31]). Our observed peak shift is
located in this saturated region; hence we can only report a
lower limit of the dopant concentration for the SWNT. Both
p- and n-doping of the SWNT have a similar effect,*'-3! but
since the graphene is being n-doped (electrons are added) on
top of the SWNT, it is assumed the SWNT is being p-doped
underneath the graphene (deprived of electrons).

Assuming a circular laser spot with a diameter of 1 um
(with an area of ~0.785 um?) during our Raman experiments,
we can deduce the total amount of charge that is transferred
per um of SWNT. The graphene receives 8.792 x 10° electrons
per um of SWNT it covers, while the SWNT loses a minimum
of 3.34 x 107 electrons per pum. It is plausible that part of the
graphene n-doping is caused by the fact that the graphene on
top of the SWNT is no longer in direct contact with the SiO,,
which is known to p-dope the graphene.l*! Some adsorbants
on the SWNTs itself could potentially also cause additional
doping, although we did anneal the SWNTs in air for 350 °C
for 1.5 h to remove amorphous carbon and stored the SWNTs
in a vacuum chamber until we put the graphene on top. When
transferring the graphene to the wafer with SWNTs the junc-
tion is only exposed to deionized water, which then evapo-
rates. Water has been shown to dope graphene.[?**! Possibly
some nanosize water clusters remain trapped between
the SWNT and the graphene, which can locally dope the
graphene. This again justifies the need for collecting many
different spectra in order to get statistically significant results.
Water molecules present in the air may also adsorb on the
topside of the sample. This potentially causes a difference in
the doping level of the SWNT in Region 1 versus the SWNT
in Region 3.

We have examined the possibility that the close intera-
ction between the SWNT lattice and the monolayer of poly-
crystalline graphene in Region 3 forms a structure resembling
turbostratic graphene. Turbostratic graphene is characterized
by a very different Raman signature than AB-stacked bilayer
graphene or monolayer graphene.*!~*l Compared to pristine
graphene both the 2D position, the 2D/G intensity ratio and
the G peak width increase. In Region 3 (graphene on top of
SWNT) we observe a downshift of the 2D peak compared to
Region 2, a decrease of the 2D/G intensity ratio and a smaller
G peak width. Therefore nothing points in the direction of a
turbostratic monolayer/graphene SWNT interaction.

The amount of SWNT G band upshift with electrostatic
gating is a matter of disagreement in the literature. Farhat et al.
report an upshift of the G~ peak of an m-SWNT by ~30 cm™!
upon the application of a polymer top gate voltage of [1.5 V|
(the value of V; that results in our observed upshift in RBM-
peak);*2l whereas more modest upshifts of the G peak posi-
tion of a SWNT upon doping are reported by others.[3+-3¢]

www.small-journal.com

MICRO

1959



1960 www.small-journal.com

m full papers

In order for the G~ peak to upshift from ~1571 cm™ to
1575 cm™, as is the case in our data shown in Figure 5(b),
a V; =10.1 V] is required, which implies a charge transfer of
0.223 x 107 um™, still within a factor of 15 of the previous
analysis. According to Farhat et al. the G~ peak upshift we
observe seems more typical for the observed upshift of the
G* peak of a m-SWNT or of the G-peak of a sc-SWNT.[32]

Radial compressive strain of the SWNT under the
graphene sheet is another physical effect that can shift the
RBM and G peak positions of SWNTSs. A recent atomic force
microscopy (AFM) study has shown a reduction of the height
of a SWNT with an original diameter of 1.35 nm by nearly
23% when it is covered by a monolayer of graphene oxide
(GO).141

While the effects of axial compression and strain on the
SWNT Raman signal have been explored,>*] the effect
of radial compression on the Raman spectrum of a single
SWNT on a substrate has not yet been investigated. There is
experimental and computational evidence for an upshift of
the Raman peaks of SWNTs and SWNT bundles in solution
under pressure.[*7*8] The case of a single SWNT compressed
by both the substrate underneath it and the graphene on top
but free to expand sideways is likely different. Both molecular
dynamics (MD) and experimental studies show the effect of
axial strain and compression on the Raman peak positions of
SWNTs is opposite: positive axial strain decreases peak posi-
tions whereas negative axial strain (compression) increases
them.[45:4¢]

To estimate the amount of strain at equilibrium in our
system (a sheet of monolayer graphene covering a (13,7)
SWNT on SiO,/Si substrate), we performed MD calculations
at 300 K in the canonical (NVT) ensemble using the NAMD
molecular dynamics package with CHARMM?27 force-field
parameters.[*>>% Our simulations were performed similarly
to many other MD simulations of graphene and/or SWNT
available in literature;1-33 more details can be found in the
Experimental Section. A visual representation of the SWNT
on top of SiO, and graphene-covered SWNT on top of SiO,
(generated with the VMD software package)P*! is shown in
Figure 6(a); it is clear the graphene radially compresses the
SWNT. Figure 6(b) shows the distribution of bond lengths in
the SWNT before and after being covered by graphene and
key results are summarized in Table 1.

The median of the bond length distribution is correlated
to the Raman peak positions of the SWNT. Yang et al. per-
formed calculations for axially strained SWNTs and showed
that for a (10,10) m-SWNT (with very similar band structure
to a (13,7) SWNT) the peak position () changed with axial
strain (¢) as:

Table 1. Key parameters of the bond length distribution of the SWNT in
our system (with 95% confidence intervals).

SWNT on Sio, Graphene-covergd Relative change
[A] SWNT on SiO, [A] [%]
Average 1.41589 +0.00004  1.41552+0.00004 -0.03
Median 1.41600 +0.00004  1.41554+0.00004 -0.03
FWHM 0.0017 £0.0003 0.0020+0.0003 14.45

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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It should be noted this linear dependence is only true for
small strains (~|g] <2%).[*]

The Raman peak shifts caused by the graphene com-
pressing the SWNT can be estimated as:

Aa)RBM = 8a)RBM X Aeg
de
cm™! ®)
=055 x —0.03% = 0.0165 cm™"
%
Awg- = — x As
-1 (6)
= 255027 % —0.03% = 0.765 cm™!
%

where Ae¢ is the relative change in the median value of the
bond length distribution for the SWNT before and after
coverage. From this analysis it is clear the observed (much
larger) Raman peak shifts of the SWNT (Figure 5) can not be
explained by strain and are thus caused by doping.

Further analysis revealed that although the average SWNT
bond length does not change significantly when graphene
covers it, about 58% of all the bonds are compressed (by
~-0.1%) and 42% are stretched (by ~0.07%) compared to
the bond lengths of the SWNT on SiO, without graphene
covering it. If we assume that the positive and negative bond
strain have an opposite effect on the peak positions of the
SWNT we can expect to see an inhomogeneous broadening
of the RBM and G-peaks of the SWNT when covered by the
graphene. This is confirmed by our Raman data. Figure 6(c)
and (d) show that the FWHM for both the RBM and G~ peak
of the SWNT increase by 27.7% (3.6 + 0.3 to 4.6 + 0.5 cm™)
and 38.5% (13 + 1 to 18 £ 1 cm™) respectively. The FWHM
of the bond length distribution increases by 14.45% when
the SWNT is covered by graphene, indicating that the strain
and compression in the graphene-covered SWNT is largely
responsible for the observed inhomogeneous broadening of
its Raman peaks. It should be noted that Farhat et al. did not
notice any significant change of the FWHM of the SWNT
RBM and G-peaks upon doping.1*!3?l

Graphene straining tends to downshift both its G peak
and its 2D peak.’>! Mohiuddin et al. observe experimen-
tally that applying less than 0.05% of uniaxial strain to SLG
causes a downshift of the 2D peak position of ~3 cm™,[] in
agreement with the trend we observe (Figure 4(a)). However
this is accompanied by a decrease of the G-peak position of
~5 cm™!, whereas we observe an increase of ~10 cm™. Our
observations of the effect of the SWNT on graphene can thus
not be explained by strain. Moreover it would be surprising
that graphene would be strained by a feature that is only
1.35 nm high; our MD simulations confirm that it is not (see
Section VI of the Supporting Information). It is interesting
to note that the persistence length of graphene at 300 K is
calculated to be 5.5 nm.P°!
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4. Conclusion

We have created a junction between a metallic SWNT and
a single layer of graphene, both synthesized via CVD, and
we have explored the electronic interactions between them.
Raman spectroscopy in different regions of the sample allows
for direct comparison between the spectra of graphene and
SWNT individually with the spectra of the SWNT and the
graphene where graphene covers the SWNT. The G peak
position of the graphene upshifts when it covers the SWNT,
a sign of charge transfer (doping), whereas its 2D peak posi-
tion downshifts, which indicates it is being doped with elec-
trons (n-type doping). A decreased 2D/G intensity ratio and
Gpwaym confirm the trend. The RBM and G peak positions
of the SWNT increase when it is covered by the graphene,
again a sign of charge transfer. Based on this analysis we con-
clude the SWNT is being more p-doped under the graphene,
and is thus n-doping the graphene. We calculate that a min-
imum electron density of ~334 um™ is transferred from the
SWNT to the graphene. Based on the analysis of the G-peak
upshift of the graphene, 8792 um2 electrons are donated to
the graphene. With the help of a molecular dynamics simu-
lation we deduce the effect of strain and radial compression
on the Raman peak positions is limited and conclude that
the Raman spectroscopic data indicate that the m-SWNT is
donating electrons to the graphene.

5. Experimental Section

Cleaning of the SiO,/Si Wafers: The SiO,/Si wafers were cut
with a die-saw (9 mm x 14 mm sample dimensions) and cleaned
by ultrasonicating them for 10 min in acetone and for 10 min in
IPA, after which they were dried with a stream of ultrapure N,.

SWNT Growth: Aligned SWNTs were grown via atmospheric
CVD on a Si0,/Si (300 nm of Si0,) wafer. The catalyst for growth
is based on solution-dispersed SWNTs from Nano-C, grown with
a pyrolysis method (Nano-CAPT). 2 mg/mL of the Nano-C SWNT
were weighed out and added to a 2 wt% sodium cholate hydrate
aqueous solution; the SWNTs were dispersed in the surfactant by
homogenizing and tip-sonicating the mixture for 1 h each.

The solution typically contains about 30 wt% of Fe or Fe oxide
nanoparticles. These Fe particles serve as the catalyst for the
aligned SWNT growth, and the SWNTs already present in the cata-
lyst disperse the particles such that many individual catalytic sites
are present and such that the Fe-particles are now not necessarily
stuck to the substrate, enabling lift-off from the surface during
growth. The SWNTs ‘float’ along with the gas flow during growth;
this mechanism is known as kite-growth.57]

Using a syringe, a ~1mm wide strip of SWNT/Fe catalyst solu-
tion was deposited along the bottom edge of the SiO,/Si wafer and
the wafer was placed inside the quartz tube of the CVD furnace. The
temperature is ramped up to 900 °C in 20 min under stable flow of
100 sccm ultrahigh-purity hydrogen (H,), kept constant at 900 °C
for 10 min, ramped up to 970 °C while flowing 3.4 sccm of H,. At
this point a stable flow of 2sccm ultrahigh-purity methane (CH,)
was added for the next 45 min during which the SWNTs grow.

After growth, the wafers with the SWNTs were annealed in air
at 350 °C for 1.5 h to remove any possible amorphous carbon via
oxidation.
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Scanning electron microscopy imaging (SEM, model JEOL 6060)
was used to verify SWNT growth and to identify the locations of
suitably long SWNTs for detailed Raman characterization.

Graphene Growth and Transfer: SLG was synthesized by low-
pressure CVD on a copper foil substrate (25 um, 99.8%, Alfa
Aesar) that acts as the catalyst. The Cu foil was cut (~3/4” x 2”)
and cleaned by submerging it in a 1:1 HCl:DI H,0 solution for
5 min, followed by rinsing it with DI H,0, acetone and IPA. The
film was then blow-dried with a N,—gun and placed on a hotplate
(85 °C) for 5 min. Under a stable H, flow (30 sccm), the Cu sheet
was heated to 1000 °C in 20 min, and kept at 1000 °C for another
20 min to anneal it. Next, 3 sccm of CH, was added and graphene
was synthesized for 35 min.

The graphene on Cu was covered in poly(methyl methacrylate)
(950PMMA, A4, MicroChem) by spin coating (3000 rpm, 1 min)
and dried in air (~15 min). Graphene on the reverse side of the
Cu sheet was removed by reactive ion etching (Plasmatherm RIE,
100 W, 7 mtorr oxygen, 5 min). The Cu-graphene-PMMA stack was
placed on the surface of Cu etchant (6 M HCl and 1 M CuCl, in
water). After complete Cu etching (~30 min), the graphene-PMMA
layer was scooped out with a clean wafer into several sequential
baths of ultrapure water for rinsing. Finally it was scooped out
with the target substrate (wafer with aligned SWNTs as described
above) and dried in air overnight before immersion in several
baths of clean acetone to dissolve the PMMA, followed by rinsing
in isopropanol and drying with ultrapure nitrogen.

Raman: Raman spectroscopic measurements were performed
on a Horiba Jobin Yvon LabRAM HR800 system using a 633 nm
excitation laser, 100X objective lens with ~1 um diameter spot
size, and 600 lines/mm grating with ~3-4 cm™! spectral resolution.
The Raman peaks were fit to Lorentzians.

Molecular Dynamics Simulation: For the MD simulations
VMD was used in combination with the NAMD package. For the
SWNT and graphene the CHARMM?27 force field was used,495%
and the VMD inorganic builder plugin was used to determine the
Si0, force field.>* The SiO, in the simulation is 50 unit cells long
and wide (~25 nm), and 10 unit cells deep (~7 nm). The (13,7)
SWNT (diameter ~1.35 nm) is 22 nm long. The graphene sheet
covering the SWNT is 20 nm long and wide. The results of the
simulation did not change significantly with the size of the simu-
lated sample.

In the initial condition for the simulation the graphene sheet
was bent into a Gaussian shape over the SWNT; the FWHM and
height of the Gaussian were varied in several simulations to verify
that the final equilibrated structure is independent of the ini-
tial conditions. It should be noted that when the graphene sheet
was located too far from the SWNT at time 0, the structure did not
converge to the same solution since in the simulation the VDW
interactions were truncated after 12 A. During the simulation the
graphene and SWNT atoms were allowed to equilibrate and move,
whereas the Si0, atoms remained fixed.

The simulations were run at 300 K (controlled via Langevin
dynamics) in the NVT ensemble, assuming a vacuum and typically
reach an equilibrium state after ~500 time steps (=1 ps). At first,
each simulation was run for 15000 time steps. Then, the output
coordinate file served as the initial condition for the next simula-
tion and thermal velocities were redistributed. This was repeated
4 times. Out of each of those 4 simulations 500 time points were
taken (in total 2000), which were then averaged.
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