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Optically enhanced charge transfer between C60

and single-wall carbon nanotubes in hybrid
electronic devices†

Christopher S. Allen,*a Guoquan Liu,a Yabin Chen,b Alex W. Robertson,a Kuang He,a

Kyriakos Porfyrakis,a Jin Zhang,b G. Andrew D. Briggsa and Jamie H. Warnera

In this article we probe the nature of electronic interactions between the components of hybrid C60–

carbon nanotube structures. Utilizing an aromatic mediator we selectively attach C60 molecules to

carbon nanotube field-effect transistor devices. Structural characterization via atomic force and

transmission electron microscopy confirm the selectivity of this attachment. Charge transfer from the

carbon nanotube to the C60 molecules is evidenced by a blue shift of the Raman G+ peak position and

increased threshold voltage of the transistor transfer characteristics. We estimate this charge transfer to

increase the device density of holes per unit length by up to 0.85 nm�1 and demonstrate further

optically enhanced charge transfer which increases the hole density by an additional 0.16 nm�1.
Introduction

In order to fully exploit the potential of carbon nano-materials it
is necessary to establish a comprehensive understanding of
their interactions with other molecular species. Now that the
fundamental physical properties of carbon nanotubes (CNTs)
are relatively well understood,1–3 attention is increasingly
turning towards hybrid CNT–molecular systems.4 Of primary
concern for the development of CNT electronics is under-
standing how the presence of a particular molecule might affect
conduction through a CNT and the mechanism behind this
interaction.

Motivated primarily by the potential for chemical sensing
applications, the effect of the physisorption of various mole-
cules on the properties of nanotube eld-effect transistors
(CNTFETs) has recently been studied.5–13 Changes in FET
characteristics have been attributed to mechanisms such as
charge-transfer doping14 or Schottky barrier modulation.5

However, for the development of complex hybrid CNT systems a
more controllable functionalization process is required.
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Both covalent and non-covalent routes are being explored for
the robust and controllable functionalization of single-wall
carbon nanotubes (SWCNTs).15 Non-covalent functionalization
is of particular interest as this should preserve the sp2 lattice
and consequently the excellent electronic properties of the host
tube.16 Pyrene groups have been shown to be an effective anchor
for attaching compounds to SWCNTs16–18 due to a strong p–p

interaction between this aromatic molecule and the graphite
basal plane.19 Charge transfer between compounds non-
covalently bonded to CNTs has been studied both theoreti-
cally20 and experimentally by observing modication of the
electronic13,21 and opto-electronic properties of CNTFETs.22,23 As
the technical groundwork for producing hybrid CNT structures
has been established the challenge of understanding these
increasingly complex systems can be addressed.

Buckminsterfullerene (C60) and other closely related carbon
allotropes have excellent electron accepting properties for use in
organic photo-voltaic devices.24 Furthermore these molecules
can be used as protective cages encapsulating atoms of a wide
range of elements. Measurements of exceptionally long spin
coherence times in these endohedral fullerene molecules,25

have led to proposals for their utilization as individual spin
qubits, the basic building block of a quantum computer.26

However, electronically addressing anything but large ensem-
bles of fullerene molecules remains challenging. The use of
carbon nanotubes as conducting scaffolds for few or even
individual molecules shows great potential for exciting
advances in molecular electronics.17 Composite systems in
which fullerenes interact non-covalently with the sidewalls of
CNTs without any intermediary have been developed with
potential applications in solar cell technology.27,28 There has
also already been some success in attaching C60 to SWCNTs via
This journal is © The Royal Society of Chemistry 2014
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non-covalent p–p interactions using various aromatic media-
tors including pyrene.29,30 Evidence of photo-induced charge
transfer between the C60 molecule and SWCNT has been
demonstrated via optical31–34 and electronic measurements.35

In this work we experimentally investigate the nature of
charge transfer in a SWCNT–C60 hybrid system. Using a non-
covalent p–p interaction we attach N-methyl-2-pyrenyl-C60

(Pyr-C60) molecules to CNTFET devices and observe signatures
of optically activated charge transfer between the carbon
nanotube and Pyr-C60.
Experimental

Ultra-long SWCNTs were grown by ow directed chemical vapor
deposition onto a heavily doped SiO2/Si substrate using a
Fe(OH)3 or FeCl3 catalyst.36 FET devices with Cr/Au electrodes
were fabricated using standard electron beam lithography
techniques and thermal evaporation. By using ultra-long carbon
nanotubes we have been able to pattern multiple FET devices
onto a single tube (Fig. 1a and b).

Completed FET devices were wire bonded into a ceramic
chip holder and electronic measurements performed in
ambient conditions using a HP4142B modular DC source/
monitor unit. Devices were screened via their electronic prop-
erties to locate semiconducting tubes. These were then func-
tionalized by drop-casting a solution of 1.25� 10�4 M N-methyl-
2-pyrenyl-C60 (Fig. 1c)37 in toluene onto the chip and allowing to
dry in air. A schematic of a completed, functionalized device is
shown in Fig. 1d.

Atomic force microscopy images were recorded in tapping
mode using a Park Scientic CP-II. Raman spectroscopy was
Fig. 1 (a) Scanning electron microscopy (SEM) image of three devices
with varying electrode spacing fabricated on an individual ultra-long
SWCNT (indicated with arrows). (b) Magnified SEM image of an indi-
vidual device with electrode spacing �450 nm. (c) Molecular structure
of N-methyl-2-pyrenyl-C60 with the fullerene (C60) and pyrene group
(Pyr) indicated. The yellow sphere represents a nitrogen atom. (d)
Schematic of the device geometry after functionalization with the Pyr-
C60 moiety (pyrene groups highlighted in red). A SWCNT nanotube is
contacted by Au/Cr source and drain electrodes. The heavily doped
silicon substrate is used as a back-gate.

This journal is © The Royal Society of Chemistry 2014
performed using a Horiba Jobin Yvon LabRam Aramis system
with 532 nm excitation wavelength.

The carbon nanotubes used for the TEM studies were FH-P
nanotubes obtained from Meijo Nanocarbon. They were
dispersed by sonication in 1,2-dichloroethane for 20 minutes.
Two drops of this solution were then applied to lacey carbon
TEM grids.

TEM images were recorded at 80 keV using either a JEOL
2010 or Oxfords aberration corrected JEOL 2200 MCO.
Results and discussion
Atomic force microscopy

AFM scans of a completed CNTFET device prior to functional-
ization are shown in Fig. 2a and c. Line proles across the
Fig. 2 (a) Atomic force microscopy (AFM) image of a completed
CNTFET device. The carbon nanotube is highlighted in red. (b) Line
profile across the SWCNT before (black trace) and after (red trace)
functionalization with the Pyr-C60 moiety. (c) Magnified AFM image of
the region highlighted with a blue box in (a) before and (d) after
functionalization. (e) AFM topography of the pristine tube displayed as
line-scans. The location of maximum tube height for each line-scan is
indicated in red. (f) Height as a function of distance along the tube
(heights measured at the positions indicated by the red line in (e)) for
the pristine (blue) and functionalized (red) SWCNT. The red and blue
dashed lines show the mean heights. The green dashed lines mark an
increase of one (0.7 nm) and two (2.1 nm) C60 diameters on the mean
pristine tube height.

Nanoscale, 2014, 6, 572–580 | 573
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pristine tube (Fig. 2b, black trace) give a mean height of 1.5 �
0.1 nm, conrming the individual single wall nature of this
tube. Aer the addition of the Pyr-C60 group (Fig. 2c) the
apparent height of the SWCNT was measured as 2.8 � 0.1 nm
(Fig. 2b, red trace) an increase of �1.3 nm compared to the
pristine device. This increase is almost twice the theoretical C60

diameter of 0.71 nm.38 AFM measurements of C60 molecules
self-assembled in hexagonal close-packed mono- and bi-layers
have been measured to have apparent heights of �1 nm and
�2 nm respectively.39

Insight into the degree of coverage achieved by functionali-
zation can be gained by examining how apparent height varies
along the tube. The height of the SWCNT was extracted from
every line-scan in each of the AFM images (Fig. 2e, red line). The
height of the pristine tube (Fig. 2f, blue trace) is fairly consistent
across the entire AFM image with a standard deviation of s ¼
0.16 nm, comparable with the substrate roughness of 0.15 nm
(see ESI, Fig. S1†). The functionalized tube (Fig. 2f, red trace) is
considerably rougher with standard deviation of s ¼ 0.78 nm
and measured heights ranging from that of the pristine tube to
over 4 nm. This inconsistency in measured height indicates
incomplete coverage of the SWCNT by the Pyr-C60 moiety with
some sections of the tube remaining pristine and others having
a covering of thickness equivalent to over three times the
diameter of a C60 molecule.

Analysis of the AFM data also allows us to comment on the
selectivity of the deposition of the Pyr-C60 moiety to the CNT.
Aer drop-casting Pyr-C60 in toluene on the device, the rough-
ness of the Si substrate doubled from 0.15 nm to 0.30 nm
(see ESI, Fig. S1†) indicating that some material has been
deposited on the substrate. This is, however less than a quarter
of the increase in roughness measured along the tube illus-
trating the preferential attachment of the Pyr-C60 groups to the
SWCNT due to the relatively strong p–p bonding. Due to the
nite size of the AFM tip used to image the SWCNT device it is
not possible to get lateral resolution of the order necessary to
resolve individual C60 molecules.
Fig. 3 (a–c) HRTEM images of individual or small bundles of pristine
SW- and DWCNTs. (d–g) HRTEM images of individual SW- and
DWCNTs after functionalization with Pyr-C60. Red arrows in (f) indicate
C60. (h) ac-TEM image and (i) simulated ac-TEM image of a Pyr-C60

moiety (indicated by the red arrow) attached to the side of a double-
wall carbon nanotube. (j) Atomic model used in the TEM simulation.
Transmission electron microscopy

Fig. 3a–c show high resolution transmission electron micros-
copy (HRTEM) images of individual or small bundles of pristine
SWCNTs and double-wall carbon nanotubes (DWCNTs). All
TEM images were recorded at an accelerating voltage of 80 keV,
below the threshold for knock on damage in carbon nano-
tubes.40 Small amounts of amorphous material can be seen on
the tube surfaces, a residue of the growth or dispersion proce-
dures. Fig. 3d–g show HRTEM images of individual SW- and
DWCNTs aer functionalization with Pyr-C60 showing a high
degree of coverage with amorphousmaterial. Careful inspection
of Fig. 3d–g reveals numerous circular projections with diam-
eters of �1 nm (highlighted with red arrows in Fig. 3f) on the
surface of the CNTs. We interpret these as projections of indi-
vidual C60 molecules. The unambiguous determination of the
presence of C60 molecules from HRTEM images is challenging
as the presence of amorphous material complicates the inter-
pretation. Fullerene molecules can react with neighbouring
574 | Nanoscale, 2014, 6, 572–580
species under irradiation from an electron beam,41,42 further
complicating the imaging of these structures. To conrm the
presence of C60 molecules on the surface of the CNTs we have
performed aberration corrected high resolution transmission
electron microscopy (ac-HRTEM) of the functionalized tubes.

Fig. 3h shows an ac-HRTEM image of a DWCNT aer func-
tionalization with the Pyr-C60 moiety. There is signicant
amorphous material on the surface of the DWCNT. Highlighted
with a red arrow is a structure which we interpret as a C60
This journal is © The Royal Society of Chemistry 2014
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molecule. Fig. 3i shows an ac-HRTEM image simulation of the
Pyr-C60 molecule adsorbed on the surface of a DWCNT, and
Fig. 3j the atomic model used to create the simulation. In both
the simulated and experimental image the projection of C60

molecule appears as a circular form with pronounced dark
spots on its perimeter and a single dark spot at its centre. Line
scans across the experimental and simulated images of the C60

molecules (ESI, Fig. S2†) give apparent diameters of 0.71 �
0.05 nm and 0.68 � 0.05 nm respectively. This good agreement
provides strong evidence to support our interpretation.
Raman spectroscopy

The Raman G band spectra from the pristine SWCNT are shown
in Fig. 4a. Raman spectra were recorded across the device
(scan positions are shown in Fig. 4e) with the signal intensity
corresponding to the area of exposed SWCNT. We could not
resolve the radial breathing mode of the Raman spectra for this
device. The Raman spectra shows a split G peak with a double-
Lorentzian line shape as would be expected for a semiconduct-
ing SWCNT (Fig. 4b). The G peak of a semiconducting SWCNT
comprises two dominant components, labeled G� and G+ cor-
responding to circumferential and axial vibrations respectively.
We can estimate the tube diameter from the relative positions of
Fig. 4 (a) Raman spectra of the G peak of the pristine carbon nano-
tube with trace colors corresponding to the scan positions indicated in
the optical image shown in (e). (b) Double Lorentzian fit to the G peak
of the Raman spectra from the pristine tube. (c) Raman spectra of the
G peak of the carbon nanotube after functionalization with the Pyr-
C60 moiety and (d) fit to the G peak. (f) Comparison between the
normalized G peak Raman spectra of the pristine (black) and func-
tionalized (red) SWCNT.

This journal is © The Royal Society of Chemistry 2014
the split G peak using the simple relationship proposed by Jorio
et al.43 uG� ¼ uG+ � C/dt

2, with uG� and uG+ correspond to the
frequency of the G� and G+ peaks respectively. C is a constant
which for semiconducting tubes takes the value of 47.7 cm�1

and dt is the tube diameter. Lorentzian ts to the two dominant
G peaks in the Raman spectra of the pristine tube (Fig. 4b) give
peak positions of uG+ ¼ 1591.7 cm�1 and uG� ¼ 1576.5 cm�1.
From this we estimate a tube diameter of dt �1.8 nm, somewhat
larger than previously measured by AFM.

The position of Raman G+ band of a semiconducting SWCNT
is related to its Fermi level due to strong electron-phonon
coupling in resonant Raman spectroscopy.44 It is therefore
possible to detect doping via Raman spectroscopy of graphitic
structures. Indeed, shis in the position of the G+ band with
chemical doping have been reported in Raman studies of
intercalated graphite,45 carbon nano-horns46 and nanotubes47,48

with hole doping causing a small blue shi in uG+ and electron
doping a small red shi.

The Raman spectra of the device aer functionalization with
Pyr-C60 are shown in Fig. 4c. Lorentzian ts give peak positions
of uG+ ¼ 1594.4 cm�1 and uG� ¼ 1578.5 cm�1 (Fig. 4d), a blue
shi of the G+ peak by DuG+ ¼ +2.7 cm�1 (Fig. 4f). This shi in
uG+ with functionalization corresponds to electron transfer
from the SWCNT to the attached Pyr-C60 moieties, resulting in
hole doping of the tube. Raman studies of electrostatic doping
of SWCNTs have found shis in the G+ peak of DuG+ � +3 cm�1

for a decrease in charge density of �0.4 e.nm�1.49 We therefore
tentatively estimate a charge transfer from the SWCNT to Pyr-
C60 of �0.36 e nm�1.

Within the spatial resolution of this measurement (laser spot
size �1 mm), the position of the G peak is consistent across the
device and there is no appreciable increase in the amplitude of
the disorder related D peak with functionalization
(ESI, Fig. S3a†). No shi in G peak position was seen on treat-
ment of CNTFET devices with the toluene solvent (ESI, Fig. S3b†).
Electronic measurements

Fig. 5a shows the transfer characteristics of a CNTFET device with
channel length of �250 nm before and aer functionalization
with the Pyr-C60 moiety The pristine device (black curve) shows p-
type semiconducting behavior typical of CNTFETs measured in
ambient conditions,50 and hysteresis due to accumulation of
charge in response to the application of the gate voltage.51

Aer functionalization with the Pyr-C60 moiety (Fig. 5a, blue
curve) there is a change in the device transfer characteristics. In
order to identify the mechanism underlying this change we
concentrate on three key parameters shown schematically in
Fig. 5b. Firstly the transconductance, dI/dVg, of a FET is related
to the mobility of the device, the height of any Schottky barrier
between the electrodes and carbon nanotube and the capacitive
coupling to the gate electrode. Secondly, the gate voltage at
which the device is turned on, the threshold voltage Vth, is a
consequence of the band alignment between electrode and
carbon nanotube. Finally, the on-state conductance of the
device, Gon ¼ Ion/Vsd, is determined by the sum of the contact
resistances and the channel resistance.
Nanoscale, 2014, 6, 572–580 | 575
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Fig. 5 (a) Transfer characteristics of a semiconducting CNTFET device
before (black) and after (blue) functionalization measured with a bias
voltage of Vsd ¼ 50 mV. The arrows denote the sweep direction. (b)
Schematic transfer curve with definitions of trans-conductance (dl/
dVg), threshold voltage (Vth), on-state current (Ion) and hysteresis width
(DVg) marked.
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On functionalization there is a small drop in the on-state
conductance from Gp

on � 8.6 mS in the pristine CNTFET device
to Gf

on � 6.5 mS. There is also an increase in the trans-
conductance of the device from which the device eld-effect
mobility can be calculated using52

mFE ¼ 1

Vsd

dI

dVg

�
L2

C

�
(1)

with L the channel length and C the gate capacitance of the
device given by

C ¼ 2p303L

ln

�
4tox

dt

� (2)

3 ¼ 2.45 is the average of the dielectric constant of silicon
(3 ¼ 3.9) and air (3 ¼ 1), tox ¼ 300 nm the oxide thickness and
576 | Nanoscale, 2014, 6, 572–580
dt ¼ 1.7 nm the tube diameter. Aer functionalization the peak
eld-effect mobility almost doubles from mpFE¼ 20.7 cm2 V�1 s�1

in the pristine device to mfFE ¼ 37.7 cm2 V�1 s�1. There is a clear
shi in the transfer curve to more positive Vg with the up sweep
threshold voltage shiing from Vpth,u ¼ �2.2 V for the pristine
SWCNT device to Vfth,u ¼ +4.7 V aer functionalization, a shi of
dVth,u ¼ +6.9 V. Similarly the down sweep threshold voltage
changes from Vpth,d ¼ +5.7 V for the pristine device to
Vfth,d ¼ +8.4 V post functionalization, a shi of dVth,d ¼ +2.7 V.
There is an appreciable reduction in the transfer hysteresis with
functionalization from DVpg ¼ 7.9 V to DVfg ¼ 3.7 V.

The effect of functionalization on the transfer characteristics
of a CNTFET has been addressed in detail by Heller et al.5 Here
we will consider the possible physical mechanism behind each
of the observed changes individually. Firstly the drop in on-state
conductance with functionalization is attributed to an increase
in scattering along the carbon nanotube aer attachment of the
Pyr-C60 molecule. Secondly, the increase in transconductance
dI/dVg can be explained in terms of a decrease in Schottky
barrier height for hole conduction between the electrodes and
SWCNT caused by the local modication of work-function at the
electrode-SWCNT interface.53 Finally, the observed shi in
threshold voltage dVth can be understood in terms of the
transfer of charge from the SWCNT to the Pyr-C60 molecule
modifying the Fermi level in the conduction channel thus
altering the gate voltage required for full carrier depletion,
effectively hole-doping the device.

We can make a simple estimation of the change in carrier
density (in this case holes) on our device from the measurement
of dVth.52 The change in charge on the CNTFET can be written
dQ ¼ CdVth and the corresponding change in carrier density
dp ¼ dQ/eL. For our device with estimated capacitance of C ¼
4.9 � 10�18 F, channel length of L ¼ 250 nm and dVth,u ¼ +6.9 V
(dVth,d ¼ +2.7 V) we calculate an increase in carrier density of
dpu ¼ 0.85 nm�1 (dpd ¼ 0.33 nm�1) or the addition of 212 (83)
holes to the 250 nm long CNTFET device. This maximum
change in charge density of 0.85 nm�1 is over twice that esti-
mated from the G+ peak shi in the Raman data.

A similar conclusion has been reached by Shen et al. to
explain the combined p doping and drop in on-state conduc-
tance in composite CNT–C60 FET devices.35 Other studies on the
effect of molecules adsorbed onto the surface of CNTFET
devices have estimated charge transfer of 0.04 electrons per NH3

molecule,14 0.37 electrons per porphyrin molecule22 and 2.2
electrons per pyrene-CdSe moiety.23

The decrease in hysteresis of DVpg � DVfg ¼ 2.5 V in the
transfer curve aer functionalization suggests that the Pyr-C60

molecule is to some extent displacing other surface mobile
species which screen the applied gate voltage.

Fig. 6 shows the change in transfer characteristics of the
device when measured in the dark and under illumination with
white light (150 W halogen bulb). The peak mobility of the
device is unchanged upon illumination (44.1 cm2 V�1 s�1 in the
dark and 44.3 cm2 V�1 s�1 under illumination). The threshold
voltage shis from Vup,dth ¼ 3.9 V to Vup,lth ¼ 5.2 V on the up sweep,
a shi of dVupth ¼ 1.3 V, corresponding to the addition of �40
holes to the device or an increase in hole density of�0.16 nm�1.
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Transfer characteristics of a functionalized carbon nanotube
FET measured in the dark (black curve) and under illumination from a
150 W halogen lamp (blue curve). (b) Schematic energy level diagram
for the optically activated charge separation process with redox
potentials for a (6,5) SWCNT marked.58

Fig. 7 (a) Transfer characteristics of the functionalized CNTFET device
measured over repeated dark–light cycles (only the up sweep is shown
for clarity). (b) Variation of threshold voltage (Vth) with time from
transfer curve measurements under illumination and in the dark. The
shaded regions correspond to periods of illumination and the white
regions to periods of dark.
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The change in threshold voltage for the down sweep is consid-
erably less (Vdown,dth ¼ 6.9 V, Vdown,lth ¼ 70 V, dVdownth ¼ 0.1 V). We
also observe a signicant reduction in the transfer hysteresis of
the device from DVdg ¼ 3.0 V when measured in the dark to
DVlg ¼ 1.8 V under illumination, a reduction of �1.2 V. There
was no appreciable change in the transfer characteristics of the
pristine device with illumination (see ESI, Fig. S4†).

Previous reports on similar Pyr-C60–SWCNT systems have
explained photo-excited charge separation in terms of interac-
tions between the host SWCNT and attached C60 molecules.31 It
is, however, important to consider the role of the pyrene mole-
cule in any observed effect,54 particularly any optical
response.55,56 In order to determine the degree to which the
response of our Pyr-C60–SWCNT system is due to just the pyrene
molecule control experiments were performed in which SWCNT–
FET devices were functionalized with �1.5 M pyrene in toluene.
We observed a small negative shi of Vth on functionalization
and no discernable optical response (see ESI, Fig. S5†). We
therefore ascribe the optical enhancement of the doping effect to
interactions between the host SWCNT and C60 molecule.
This journal is © The Royal Society of Chemistry 2014
The mechanism of photo-excited charge separation in Pyr-
C60–SWCNT hybrid systems (shown schematically in Fig. 6b)
has been determined from optical measurements.31 The photo-
excitation of an electron from the highest-occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) in the C60 molecule allows an electron from the valence
band of the SWCNT to hop into the vacant C60 HOMO state.
This leaves the SWCNT hole doped and causes the shi to more
positive Vg observed in our CNTFET measurements. As this
mechanism is dependent on the precise band alignment
between the SWCNT and C60 molecule it is sensitive to the size
of the band-gap in the semiconducting SWCNT and thus the
tube chirality.57

Fig. 7a shows the reproducibility of the photo-switching
process. In order to minimize hysteresis these measurements
Nanoscale, 2014, 6, 572–580 | 577
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were performed using a pulsed gate technique (see ESI,
Fig. S6a†)59 and we only show the up sweep for clarity (repre-
sentative full hysteresis curves are shown in ESI, Fig. S6b†).
There is a reproducible threshold voltage shi from Vth �3.7 V
in the illuminated case to Vth �2.5 V in the dark, a change of
dVth ¼ 1.2 V, equivalent to that measured with the standard gate
voltage sweep (Fig. 6a). Between each ‘light’ and ‘dark’
measurement shown in Fig. 7a the device was allowed to settle
for approximately 15 minutes.

Fig. 7b shows the measured threshold voltages from pulsed
gate measurements of the SWCNT–Pyr-C60 device as a function
of time. The shaded regions correspond to periods of illumi-
nation and the times at which the halogen lamp was turned on
and off are marked. During periods of illumination the
measured Vth remains stable to within � 0.2 V. Transfer curves
measured immediately aer the lamp is turned off show little
discernible change in Vth. When measured aer increasingly
long periods in the dark Vg shis towards lower values, pla-
teauing at around 2.5 V. This observed behavior suggests that
the charge transfer from the SWCNT to the C60 molecule which
occurs on illumination is signicantly faster than the transfer of
charge back to the nanotube. This increase in time to recover
the un-illuminated state is in qualitative agreement with other
studies22,23 with persistent charge separation decay times as
long as 1.8 � 103 s having been reported in functionalized
SWCNT systems.60

Similar results were obtained from devices with 450 nm and
500 nm channel length fabricated on the same SWCNT as those
presented in Fig. 5–7 (see ESI, Fig. S7 and S8†). However due to
the inferior quality of the data we were unable to reliably extract
doping densities.
Conclusions

In this work we have successfully incorporated fullerene mole-
cules into CNTFET devices. Structural characterization has
conrmed the presence of C60 molecules and the preferential
nature of their attachment to the graphitic lattice of the carbon
nanotubes.

Through the change in Raman spectra and room tempera-
ture transport properties we have demonstrated charge transfer
from individual SWCNTs to attached Pyr-C60 moieties. The
absorbance of Pyr-C60 onto the surface a semiconducting
SWCNT caused four distinct changes to the CNTFET transfer
characteristics which can each be physical rationalized:

1. A small decrease in on state current aer functionalization
indicated an increase in scattering in the CNTFET conduction
channel.

2. An increase in trans-conductance was attributed to a
decrease in the SWCNT–electrode Schottky barrier height.

3. A shi in the threshold voltage can be explained in terms
of hole doping of the carbon nanotube by the adsorbed Pyr-C60

molecule.
4. The decrease in device hysteresis was due to the

displacement of other surface species by the adsorption of
Pyr-C60 moieties onto the surface of the SWCNT.
578 | Nanoscale, 2014, 6, 572–580
The increase in density of holes aer functionalization was
found to be up to 0.85 nm�1. Due to the band alignment
between C60 and the semiconducting SWCNT we were able to
demonstrate optically excited charge transfer between the Pyr-
C60 and SWCNT causing further hole doping of the device by an
additional 0.16 nm�1.

We have demonstrated the feasibility of using electronic
measurements to probe interactions between a SWCNT and
exohedrally attached C60 molecules. This approach should be
directly transferable to the wide range of endohedral metallo-
fullerenes allowing for the study of the electronic states of
exotic spin-active hybrid systems. Furthermore, by tailoring the
size of the aromatic anchor group, it should be possible to
control the density of C60 molecules decorating the SWCNT.
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