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ABSTRACT: As a model system for understanding charge transfer in novel
architectural designs for solar cells, double-walled carbon nanotube (DWNT)—
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CdSe quantum dot (QD) (QDs with average diameters of 2.3, 3.0, and 4.1 nm) %
heterostructures have been fabricated. The individual nanoscale building blocks * ﬁ“

were successfully attached and combined using a hole-trapping thiol linker . ., .5 op.
molecule, ie, 4-mercaptophenol (MTH), through a facile, noncovalent 7—7 o

stacking attachment strategy. Transmission electron microscopy confirmed the 1o

attachment of QDs onto the external surfaces of the DWNTs. We herein
demonstrate a meaningful and unique combination of near-edge X-ray absorption
fine structure (NEXAFS) and Raman spectroscopies bolstered by complementary
electrical transport measurements in order to elucidate the synergistic interactions
between CdSe QDs and DWNTs, which are facilitated by the bridging MTH
molecules that can scavenge photoinduced holes and potentially mediate electron
redistribution between the conduction bands in CdSe QDs and the C 2p-derived
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states of the DWNTs. Specifically, we correlated evidence of charge transfer as manifested by (i) changes in the NEXAFS
intensities of 7* resonance in the C K-edge and Cd M;-edge spectra, (ii) a perceptible outer tube G-band downshift in frequency
in Raman spectra, as well as (iii) alterations in the threshold characteristics present in transport data as a function of CdSe QD
deposition onto the DWNT surface. In particular, the separate effects of (i) varying QD sizes and (i) QD coverage densities on

the electron transfer were independently studied.

B INTRODUCTION

Carbon nanotube (CNT)—quantum dot (QD) heterostruc-
tures, which merge the favorable charge transport properties of
CNTs with the interesting size-tunable optoelectronic proper-
ties of QDs into an integrated whole, represent not only a
conceptually unusual architectural paradigm but also a
practically functional nanocomposite in the field of photovoltaic
cells.' ™ In our group, we have successfully demonstrated
various synthetic methods including covalent attachment, 7—x
stacking, as well as an in situ route toward the simple, site-
selective, and coverage-controllable synthesis of single-walled
carbon nanotube (SWNT), double-walled carbon nanotube
(DWNT), and multiwalled carbon nanotube (MWNT)—
CdSe/CdTe quantum dot (QD) conjugates.’™

In this work, we have specifically chosen to use DWNTs as
opposed to SWNTs. One rationale is that the acid purification
process developed to remove the metal catalysts and
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amorphous carbon impurities from the pristine carbon
nanotubes often involves the breaking of the sp® structure of
the nanotube sidewall, thereby diminishing the attractive
electronic transport characteristics we seek to exploit when
utilizing SWNTs. Moreover, with DWNTs, consisting of two
coaxial tubules, we can selectively functionalize the outer tube
while retaining the desirable electronic properties of the inner
tube.'

Nevertheless, the crucial step in understanding the nature of
QD-based photovoltaic cells involves control over the effective
interfacial charge transfer, which is often inefficient because of
the spatial confinement of the electron and the hole to the
interior of the QDs as well as to the unavoidable recombination
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process caused by the Coulombic interaction.” This issue can
be potentially tackled by rational chemical design. Specifically,
by properly choosing linker molecules and the subsequent
chemical modification of the external surfaces of these QDs
through a ligand exchange reaction in order to passivate surface
defects, we can do much toward controlling surface-related
emission and reducing recombination losses.”” In fact, the
fabrication of conductive QD films for optimum operation
within a solar cell regime often relies on replacing the long alkyl
ligands used in colloidal QD synthesis with short organic
bidentate linkers, such as either ethanedithiol or 3-mercapto-
propionic acid (MPA), for instance.'”'*"* These specific short
bidentate linkers not only reduce the interdot separation to less
than the carrier tunneling distance, thereby facilitating exciton
dissociation and enabling carrier transport toward the collecting
contacts,'™'® but also serve as a bridge with which to connect
QDs with CNTs through either covalent or noncovalent
attachment strategies.é’ 1o

The specific linker molecule we have deliberately chosen
here is 4-mercaptophenol (MTH) with the terminal thiol—SH
group, possessing a strong affinity for Cd sites on the QD
surface. The presence of the aromatic aryl ring moiety within
the MTH molecule can be manipulated in order to initiate
heterostructure formation through facile noncovalent 7—xn
stacking interactions with the CNT sidewalls. It has been
previously reported that the presence of thiol functional groups
within MTH can serve as “hole-scavengers” and thereby act as
effective acceptors for photogenerated holes from the CdSe
QDs. These photogenerated holes from CdSe QDs can
efficiently convert thiols into disulfides by means of a
photocatalytic reaction.'”"®

Because of the conduction band alignment of CdSe QDs
with either adjacent DWNTs or metal oxides, interfacial
electron transfer has been extensively studied."”™>" In terms of
metal oxides, Hansen et al. detected photoinduced electron
transfer from CdSe QDs to ZnO nanorods connected together
using three small saturated carboxythiol linkers.”" Moreover,
Hines et al. have reported on electron tunneling from CdSe to
TiO,, a process facilitated by various thiol linkers, which served
as energy barriers due to their elevated ‘Tlowest unoccupied
molecular orbital’ (i.e, LUMO) levels as compared with both
QDs and TiO,*” Additional examples exist. For example,
Weaver et al. investigated the photoinduced electron and hole
transfer within a complex nanocomposite, consisting of CNTs,
thiol derivatives of perylene compounds, and CdSe QDs.”
Herein, in our experiments, because the bridging MTH linker
molecules maintain a higher LUMO level as compared with
both CdSe QDs and DWNTs, the linkers can be viewed as
creating an energetic barrier located at the interface between
the constitutent quantum dots and nanotubes within our as-
prepared heterostructures. Therefore, electrons from QDs need
to tunnel through the linkers themselves prior to their
localization onto adjoining DWNTSs, whereas the associated
holes are expected to be trapped by the terminal thiol groups
inherent to the MTH.

Understanding of interfacial charge transport mechanisms is
therefore essential toward realizing the optimal design and
construction of high-performance QD-based solar energy
conversion systems.”* As a means of probing interfacial
interactions among nanocomposites, the use of near-edge X-
ray absorption fine structure (NEXAFS) spectroscopy has been
extensively investigated,” " because it is element-specific and
also very sensitive to the local chemical environment. In

particular, NEXAFS analyzes the occupancy of the low-lying
unoccupied electronic states associated with the absorbing
atom, and as such, in our context, can be used to investigate the
contribution of electron as opposed to hole transfer within our
heterostructures.””

With respect to relevant, prior results, by analyzing the Sn
M;, edge, O K-edge, and C K-edge within systems composed
of crystalline SnO, nanoparticles (NPs) connected to CNTs, it
was noted that this interaction involved a charge redistribution
between C 2p-derived states with the valence and conduction
bands in SnO, NPs via an interfacial interaction facilitated by
the oxidative treatment of the CNTs, prior to composite
formation.”® Additional examples abound. Koroteev et al.
reported on a decrease of the 7* resonance intensity in the C
K-edge spectrum upon MoS, deposition onto the CNT surface,
signifying the likelihood of charge transfer between the two
components.”’ Yueh et al. investigated the local electronic
structure associated with “Fe-catalyzed and stabilized” CNTs of
various diameters and measured an enhancement of the C K-
edge coupled with a corresponding reduction of the Fe L;-edge
teatures, all of which were indicative of a charge transfer taking
place from C 2p to Fe 3d orbitals.”

In terms of charge-transfer properties, the Raman spectra of
both constituent CNT's and the resulting heterostructures have
been collected with a focus toward analyzing and understanding
relative changes in certain distinctive bands associated with
CNTs. Specifically, the high-frequency Raman-active vibrations
of sp* carbon are sensitive to chemical doping.”” Hence, by
studying the resonance Raman spectra of DWNTs, doped with
electron donors and acceptors, we can gain insight into
chemical means of modulating CNT electronic properties.”* ™’
In effect, shifts in the Raman frequencies for the tangential G
modes and the corresponding alterations in their intensities can
provide for direct evidence for charge transfer between CNTSs
and the dopants themselves.”® For example, Li et al. have
reported a large downshift of the G-band, which was suggestive
of substantial electron transfer between Fe atoms and
DWNTs.”

In order to monitor the charge carrier mobility in our
heterostructures, electrical transport measurements have been
collected by constructing field effect transistor (FET) devices.
Owing to their suitable direct bandgap (Eg = 1.74 V), which
yields a measurable response upon exposure to visible light,
CdSe QDs have attracted extensive attention as promising
candidates for applications in photovoltaic and photoelectronic
devices."”*! Moreover, CNTs also yield respectable field-effect
mobility and therefore represent a promising architecture for
electronic devices."” There have been reports focusing on
FETs, created using CNT—QD heterostructures. For example,
Zhao et al. noted that CdSe QDs formed in situ on the carbon
nanobelt matrix could give rise to the formation of a nanoscale
p—i—n junction, possessing p-type conductivity with hole
mobility values as high as 1.4 x 10* cm*V~!s7. "

Therefore, it is interesting to note that while NEXAFS,
Raman, and electrical transport measurements have been
separately applied as tools to investigate charge transfer in
various types of nanotube-based heterostructure motifs for
years, there have been comparatively fewer papers published
about utilizing these unique characterization protocols within
the context of DWNT—QD heterostructures in order to study
the nature of interfacial charge transfer. There have been even
fewer deliberative and systematic efforts (either qualitatively or
quantitatively) to use a cumulative combination of all of these
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techniques in CNT—QD systems with the focus on probing
and correlating the effect of varying QD sizes and coverage
densities with the resulting charge-transfer properties of as-
prepared nanocomposites. We are in fact the first to do so.

Hence, in the current paper, we focus on gaining
fundamental insights into charge-transfer behavior across
nanoscale interfaces in composite heterostructures as a function
of QD size and coverage density. Specifically, our efforts are
directed toward comparing and understanding charge-transfer
behavior, i.e. specifically electron-transfer trends, at the
interfaces of a number of different DWNT—-CdSe QD
heterostructures, possessing various QD average diameters of
2.3, 3.0, and 4.1 nm, respectively, created through the
mediation of 4-mercaptophenol (MTH) using a noncovalent
7— stacking attachment approach. The structure, morphology,
and specifically the QD coverage density on the DWNT surface
were characterized by transmission electron microscopy
(TEM). Meanwhile, complementary data from NEXAFS and
Raman spectroscopies coupled with electrical transport
measurements were acquired on both constituent CNTs and
the resulting heterostructures with the aim of understanding the
nature of nuanced but reproducible data trends, governing
charge transfer (and specifically electron tunneling) from QDs,
characterized by various sizes and coverage densities, to
DWNTs within composite architectures.

B EXPERIMENTAL SECTION

Materials. DWNTs were acquired from Helix Material
Solutions. As for the CdSe QD synthesis and the subsequent
ligand-exchange process, hexadecylamine (HDA) (90%),
selenium powder (100 mesh, 99.5%), and 4-mercaptophenol
(MTH) (97%) were procured from Aldrich. Tri-n-octylphos-
phine oxide (TOPO) (99%), stearic acid (97%), cadmium
oxide (CdO) (99%), and tri-n-butylphosphine (TBP) (95%)
were purchased from Acros Organics. Tri-n-octylphosphine
oxide (TOPQO) (90%) was obtained from Alfa Aesar.

Synthesis. Purification of DWNTs. Specifically, 50 mg of
pristine DWNTSs containing amorphous carbon impurities
(Figure S1A) were dispersed in 8 M diluted HNO; by
sonication and then heated to 95 °C for 20 h to remove
extraneous metal catalysts and carbonaceous impurities. The
resulting purified and oxidized DWNTs (pDWNTs in Figure
S1B) were filtered through a 200 nm polycarbonate membrane
(Millipore), thoroughly washed with excess water, and dried at
80 °C for 18 h.

Synthesis of CdSe QDs and Ligand-Exchange Processes.
CdSe QDs with various sizes have been prepared, according to
a well-known protocol, as previously described.”* Depending
on the targeted QD sizes, different sources of TOPO were
chosen with minor modifications of the reaction algorithm. For
example, to create QDs possessing average particle diameters of
2.3 and 3.0 nm, TOPO from Alfa Aesar was used, with reaction
times of 15 s and 20 min, respectively. As for the synthesis of
QDs with average diameters of 4.1 nm, TOPO from Acros
Organics was utilized with reaction times of ~100 s. Ultraviolet
(UV)—visible spectra (Figure S2A) confirmed the size-tunable
absorption of as-prepared CdSe QDs; powder X-ray diffraction
data (Figure S2B) proved that the crystal structure of our QDs
was in fact wiirtzite. In addition, the ligand exchange process
was carried out on as-prepared CdSe QDs to replace the
original TOPO and HDA capping agents with the MTH ligand
moiety.

In a typical experiment, 0.1 mmol of MTH was dissolved in 2
mL of methanol and added drop-wise to a suspension of as-
prepared, TOPO/HDA-capped CdSe QDs (0.04 mmol) in 4
mL of hexane ([Ligands]/[QDs] = 25). Under dark conditions,
the methanolic solution mixture was stirred for 30 min, until
the CdSe QDs could be subsequently precipitated upon
completion of the ligand exchange process. As-generated
MTH-capped CdSe QDs were then collected by centrifugation
and subsequently washed with a methanol and chloroform
mixture (with a volume ratio of 1:8) at 9000 rpm for S min for
three successive times. The resulting QDs were ultimately re-
dispersed in dimethyl sulfoxide (DMSO) for additional
characterization. The presence of MTH ligands on the external
CdSe QD surfaces was expected after the ligand exchange
reaction, and was subsequently confirmed by Fourier transfrom
infrared analysis, as shown in Figure S3.

Synthesis of DWNT—MTH-Capped CdSe QD Heterostruc-
tures by n—n Stacking. In a typical run, as illustrated in
Scheme 1, 1 mg of pDWNT was dispersed in 10 mL of DMSO

Scheme 1. Synthetic Route Associated with the Noncovalent
Attachment of MTH-Functionalized CdSe QDs onto
Underlying DWNT Frameworks
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by sonication followed by the addition of 2 mL of MTH-
capped CdSe QDs (0.004 mmol) in DMSO in a drop-wise
manner. The resulting mixture was further sonicated for 10
min. Upon completion of the reaction, the solution was filtered
using 200 nm polycarbonate membranes (Millipore), exten-
sively washed with distilled water and ethanol to remove the
excess free-standing CdSe QDs, and ultimately stored at 4 °C
prior to further measurements.

Characterization. Samples were thoroughly characterized
using a number of different complementary structural method-
ologies, including transmission electron microscopy, UV—
visible spectra (UV—visible), and powder X-ray diffraction
(XRD) as well as a suite of Raman and near-edge X-ray
absorption fine structure spectroscopies. We strengthened our
interpretation with additional complementary electrical trans-
port measurements.

Electron Microscopy. Low-magnification TEM images
were obtained at an accelerating voltage of 120 kV on the JEOL
JEM-1400 instrument, with a 2048 X 2048 Gatan CCD Digital
Camera. High-resolution TEM (HR-TEM) images coupled
with selected area electron diffraction (SAED) patterns were
recorded using a JEOL JEM-3000F microscope, equipped with
a Gatan image filter (GIF) spectrometer and operated at an
accelerating voltage of 300 kV. Specimens for all of these TEM
experiments were prepared by dispersing the as-prepared
product in ethanol, sonicating for 2 min to ensure adequate
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dispersion of the nanostructures, and dipping one drop of
solution onto a 300 mesh Cu grid, coated with a lacey carbon
film.

X-ray Diffraction. Crystallographic information on CdSe
QDs was obtained by using powder XRD. To analyze these
materials, as-prepared samples were sonicated, dispersed in
ethanol for about 2 min, and finally air-dried upon deposition
onto glass slides. Diffraction patterns for all of these materials
were collected using a Scintag diffractometer, operating in the
Bragg configuration with Cu Ka radiation (4 = 1.54 A) and
scanning in the range from 20 to 80° at a rate of 0.25° per
minute.

UV-Visible Spectra. UV—visible spectra were collected at
high resolution using a Thermospectronics UV1 instrument as
dispersions within quartz cells maintaining a 10 mm path
length. Specifically, as-prepared QDs were suspended in
hexane, and the acquired data were corrected to account for,
and more precisely to subtract away, the solvent background.

NEXAFS. Carbon K-, oxygen K-, and cadmium M;-edge
NEXAFS measurements were carried out at the NIST U7A
beamline at the National Synchrotron Light Source at
Brookhaven National Laboratory. NEXAFS spectra were
obtained using a horizontally polarized X-ray beam incident
at 55° (ie., magic angle) and a channeltron electron multiplier
equipped with a variable entrance grid bias. For the various
elements studied, the entrance grid bias was set to —150 V to
enhance surface sensitivity and reduce the low-energy electron
background. A toroidal spherical grating monochromator,
composed of a 600 lines/mm grating for the C K-edge data
as well as a 1200 lines/mm grating for the Cd M; and O K-
edges, was used. Slit openings of 30 X 30 um® along the
beamline provided an energy resolution of ~0.1 eV for all
spectra. An electron flood gun set at 60 yA was used to mitigate
surface charging.

The PEY signals were normalized to the incident beam
intensity using the photoemission signal from a freshly
evaporated Au mesh located along the incident beam path.
The spectra were energy-calibrated using the photoemission
current from an amorphous carbon mesh also located along the
path of the incident beam. Spectra were calibrated and
normalized using standard routines from the Athena software.”

Raman. Raman spectra were collected from our samples
using a Renishaw inVia high-resolution confocal Raman
microscope outfitted with a Leica DM2500 upright microscope
using a 514.5 nm (2.41 eV) in-line laser. The microscope stage
was fitted with an automated xyz-motorized stage. Wavelength
and intensity calibrations were completed by using an internal
silicon standard based upon a reference peak at 520 cm™.

Spectra from the samples were collected using an 1800 line/
mm grating, resulting in a spectral resolution of ~0.5 cm™’,
with a 10 s integration time per spectrum using a CCD array.
Raw spectra were subsequently processed and analyzed using
WIRE 4.1 software. Baselines were subtracted from all of the
spectra, and the integrated spectral areas were normalized to an
area of 1. The resulting peaks were then fitted with four
Lorentzian curves to determine the peak position, integrated
areas (intensity), and peak widths.

Electrical Transport. Electrical transport measurements
have been used to complement the NEXAFS and Raman data
as well as to gain additional insights into the impacts of QD size
and coverage density. To this extent, devices have been
fabricated on a highly p-doped silicon substrate with a 90 nm
silicon dioxide layer on top. The substrate is used in our

measurements as the gate electrode. Next, carbon nanotubes
either with or without functionalization are spun out of solution
onto the substrate. To contact only a single DWNT and not a
network of DWNTs, an e-beam writing approach is utilized that
identifies the position of tubes relative to pre-defined alignment
marks. Source—drain contact formation is accomplished after
the e-beam step through metal deposition and lift-off of
titanium/gold (30 nm/30 nm) metal films. A probe station set
up in conjunction with a parameter analyzer is then used to
determine the current through the device, I, as a function of
drain, Vp, and gate voltage, V5. To reduce any potential
hysteresis effects on the device characteristics, a pulse
measurement setup is employed. In a pulse measurement, the
Hewlett-Packard (HP) parameter analyzer is turned off
between each data point acquisition instead of being operated
continuously. In total, more than 180 discrete and distinctive
double-wall carbon nanotube (DWNT) field-effect transistors
(FETs) were characterized in this fashion, giving rise to decent
overall statistics, which has allowed us to observe trends
between variously treated devices in spite of the presence of
unavoidable device-to-device variations arising from different
DWNT chiralities and diameters as well as general experimental
irreproducibilities. All data presented in this article were
obtained at room-temperature under a vacuum atmosphere of
about 107° Torr.

B RESULTS AND DISCUSSION

With the amount of DWNTs and the concentration of the
MTH-capped CdSe QD solution kept constant in order to
ensure data reliability, the resulting DWNT—MTH-capped
CdSe QD heterostructures, incorporating average QD diame-
ters measuring 2.3, 3.0, and 4.1 nm, respectively, were
generated by utilizing a facile noncovalent n—7x stacking
strategy (Scheme 1). TEM was utilized to characterize the
QD sizes and coverage densities on the DWNT surface in the
resulting heterostructures. Meanwhile, charge transfer (and
specifically electron tunneling) from QDs with various sizes and
coverage densities to DWNTs in heterostructures was probed
using NEXAFS and Raman spectroscopies coupled with
electrical transport measurements.

Electron Microscopy Studies. Low-magnification TEM
data in Figure 1 highlighted the formation of all three
heterostructures, formed by n—n stacking, with the presence
of QDs clearly visible on the outer surfaces of our purified
DWNT bundles, created through the mediation of the MTH
linker. On the basis of statistical measurements of 20 distinctive
and discrete as-formed DWNT—-QD bundles within each
heterostructure sample, the corresponding average coverage
density was found to be 14 + 10 dots for MTH-capped QDs,
possessing diameters of 2.3 + 0.4 nm (Figure 1A); 16 + 8 dots
for MTH-capped QDs, with diameters of 3.0 + 0.4 nm (Figure
1B); and 27 + S dots for MTH-capped QDs, measuring 4.1 +
0.6 nm in diameter (Figure 1C), respectively. All data were
acquired on typical DWNT bundles with lengths of 100 nm
and diameters of 20 nm.

This average coverage density of CdSe QDs immobilized
onto the DWNT surface was estimated by dividing the total
number of QDs attached onto the CNT surface by the
corresponding length of the DWNTSs normalized to 100 nm
intervals. We found that the 4.1 nm CdSe QDs evinced a
notably higher coverage density (almost two times) as
compared with their 2.3 and 3.0 nm diameter analogues,
possibly due to the presence of additional ligand molecules at
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Figure 1. (A—C) TEM and (D—F) HRTEM images of DWNT—
MTH-capped CdSe QD (with average constituent QD diameters of
2.3, 3.0, and 4.1 nm, respectively) heterostructures, synthesized by a
noncovalent strategy, taking advantage of 7—r stacking effects.

the surface, which would have contributed to more effective
bonding with the underlying DWNT framework.

The corresponding HRTEM images in Figure 1D—F further
confirmed the successful chemical conjugation of DWNT's with
CdSe QDs. Lattice fringes associated with CdSe QDs as well as
with the interface between the QDs and the DWNT surface
were clearly discernible. Specifically, the measured 3.51 and
3.72 A values corresponded to the d-spacings of the (002) and
(100) lattice planes of the hexagonal phase of CdSe QDs,
respectively, whereas the measured 3.41 A spacing could be
ascribed to the interlayer spacing between the graphitic layers
within the DWNT themselves.

NEXAFS Spectra. The C K-edge and O K-edge spectra of
the pristine and oxidized DWNTs (Figure S4AB) were
consistent with the successful purification and functionalization
of DWNTs by acid treatment which generated oxygenated
functionalities, e.g., —COOH groups, on their external surfaces
(see detailed analysis in the Supporting Information on the
identities of a number of peaks observed in both the carbon and
oxygen K-edge data). The C and O K-edge NEXAFS spectra of
the DWNTSs, of the DWNT—MTH control sample, and of the
DWNT—-MTH-capped CdSe QD heterostructures are shown
in panels A and B of Figure 2, respectively, whereas the Cd M-
edge spectra of free-standing MTH-capped CdSe QDs as well
as of all three DWNT—MTH-capped CdSe QD hetero-
structures are highlighted in Figure 3.

Explanation of Physical Meaning of Edge Data.
Specifically, the C K-edge spectral features arise from dipole
transitions from C 1s core states to 2p-derived electronic states.
The sharp peak at around 285.4 eV represents a C 1s to a C=
C 2p #* transition; the broad peak at 292—294 eV is composed
of three C 1s to C—C o* transitions.”>*° Furthermore, the
peaks at ~288.1 and ~289.1 eV can be attributed to the z*
C=O0 and o* states, respectively, associated with C—-O
functionalities.”””” Moreover, the areas under resonance (or
peak intensity) of these 7* and o* features are approximately
proportional to the electronic density of the unoccupied C 2p-
derived states, whereas the increased intensities of these
features can be correlated either with the increased numbers
of unoccupied C 2p orbitals or with a charge-transfer process
taking place between the C 2p orbital and the dopant at the
interface.”*%**

Two well-separated absorption features are observed in the
O K-edge with a sharp peak located at 531.8 eV and a broader
peak centered at around 539—546 eV. The feature at ~531 eV
can be assigned to transitions from the O 1s core levels to 7*
C=0 states derived from carboxylic acid moieties, whereas the
broad absorption feature centered at around 539—546 eV can
be attributed to the superposition of transitions from the O 1s
core levels to the final states possessing 6% symmetry, localized
on the O—H, C-0O, and C=O0 bonds. The small peak at
~534.6 eV likely derives from the —OH z* transition
associated with carboxylic acid species.”*”**

The Cd M; edge originates from transitions between the Cd
3p initial state and unoccupied Ss states. The projected
electronic density of states (DOS) generated from theory
demonstrates that the bottom of the conduction band of CdSe
is composed of Cd Ss states. If the bottom of the CdSe
conduction band were to shift by an energy interval, AE,, then
the corresponding M; absorption edge would shift by an
equivalent amount, thereby representing the quantum confine-
ment-induced shift in the conduction band.*”*° Although the
M edges are known to suffer from weak signals and a large
background*’ by contrast with the Cd L; edge, the former can
be readily probed within the operational energy range (180—
1200 eV) of the U7A beamline. Therefore, to render these M,
edges useful for quantitative analysis, we collected multiple
replicates of the spectra and increased data integration times to
obtain higher signal-to-noise ratios and therefore data
interpretability.

Actual Results Obtained. On the basis of the C K-edge
NEXAFS analysis (Figure 2A), several features are worthy of
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Figure 2. C K-edge (A) and O K-edge (B) spectra of oxidized DWNTs (black), DWNT—MTH composite control samples (red), and DWNT—
MTH-capped CdSe QD (with constituent QD average diameters of 2.3 nm (blue), 3.0 nm (pink), and 4.1 nm (green)) heterostructures.
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Figure 3. Cd M;-edge spectra of MTH-functionalized CdSe QDs (black) and of DWNT—MTH-capped CdSe QD (red; with average constituent
QD diameters of (A) 2.3 nm, (B) 3.0 nm, and (C) 4.1 nm) heterostructures.

note. First, the 7* transition intensity, which reflects the
unoccupied DOS corresponding to z* character, is enhanced
when MTH linkers were attached onto oxidized DWNTs,
which might be due to the presence of the sp® carbon from the
aromatic MTH linker. This #* transition intensity is
subsequently strongly reduced within DWNT—-MTH-capped
CdSe QD heterostructures; the composites incorporating 2.3
nm diameter QDs give rise to the largest observed reduction,
suggestive of possible electron transfer from CdSe conduction
bands to the C 2p-derived 7* states.

Second, the appearance of a slightly enhanced C K-edge peak
at ~289 eV coupled with shoulder features near this peak
within the heterostructures, as compared with the DWNT—
MTH nanohybrid control alone, suggests the presence of
slightly perturbed bonding between carbon and oxygen after
the QD deposition process. That is, the presence of an oxidized
C environment at the interface of the heterostructures may
result in a localized and higher density of the unoccupied state
possessing C 2p character, thereby indicating that DWNT's may
have the opportunity of possibly back-donating a small amount
of charge to the immobilized CdSe QDs through the mediation
of Cd—O—C bonding.”**!

In the O K-edge data (Figure 2B), the C=O 7z* transition
intensity appears to be suppressed in all three heterostructures
after the QD deposition as compared with the DWNT—-MTH
control sample. The heterostructure incorporating the smallest
2.3 nm diameter QDs gives rise to the strongest reduction in
the C=O #* transition, suggesting that the carbonyl oxygen
atom within the carboxylic group on the surface of the DWNT's
is withdrawing charge after QD deposition. By comparison, the
C—O or —OH ¢* transition intensity is apparently enhanced
the most in the heterostructure incorporating 2.3 nm diameter
QDs, accordingly signifying that the oxygen atoms in the —OH
and C—O bonds from the MTH ligands are donating charge.

We found that all three DWNT—-MTH-capped CdSe QD
heterostructures evince enhanced intensities of the Cd M;-edge
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relative to that of free-standing MTH-capped CdSe QDs
(Figure 3), thereby implying an increased level of unoccupied
DOS in the conduction band of CdSe and providing for direct
evidence of an electron-transfer process taking place from CdSe
QDs to DWNTSs. By analogy with the C and O K-edge features
previously discussed, we noted that the heterostructure
incorporating 2.3 nm diameter QDs exhibited the largest
enhancement of the peak intensity, an observation consistent
with the potential for the largest amount of electron transfer
therein.

All NEXAFS spectra have yielded spectroscopic evidence
that charge redistribution involving the CdSe QDs and the
underlying DWNTs likely has occurred. Specifically, upon close
inspection of the C and O K-edge together with the Cd M;-
edge data, these entailed (i) an intensity reduction in the z*
C=O0 and —OH signal of the O K-edge and the 7* C=C
response of the C K-edge transitions coupled with (i) an
intensity enhancement in the Cd M;-edge as well as the 6% C—
O or —OH signal associated with the O K-edge. Hence, it is
plausible to propose a possible directional electron-transfer
process, as follows. Upon excitation, the electrons migrate from
the conduction band of the CdSe QDs to the z* states of the
DWNT C=C carbonaceous network as well as to the C=0
m* states of surface carboxylic acid functional moieties. This
charge interaction was mediated between the 7—n conjugated
system associated with the DWNTSs and the MTH-capped
CdSe QDs, as manifested in discernible but interpretable
changes.

Therefore, we have shown that the DWNT—MTH-capped
CdSe QD heterostructures incorporating the smallest 2.3 nm
diameter QDs gives rise to the largest amount of electron
transfer, an observation which can be potentially explained by
the Marcus theory, which is commonly used to describe the
interfacial charge-transfer process and to quantitatively probe
the dependence of the transfer rate on the driving force.”” >*
Previous studies have indicated that electron transfer from
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photoexcited QDs lies in the so-called “normal” region, where
the charge-transfer rate increases with and is proportional to
the driving force.”>* For example, the Kamat group reported®’
that by systematic reduction of the QD size, the electron
transfer from CdSe QDs to the adjoining TiO, particles could
be enhanced, and it was subsequently concluded that this
transfer resides within the “normal” region of Marcus theory.
A potential charge-transfer model for our DWNT—-MTH-
capped CdSe QD systems, possessing discrete energy levels
associated with each component, is proposed in Figure 4. The

E, (eV) CdSe QDs NHE
pH=0

0 -4.5
1.0 -3.5
2.0 -2.5
-3.0 + -1.5
40t 05
501 05
6.0 15
7.0 25

Figure 4. Energy diagram associated with DWNT—-MTH-capped
CdSe QD heterostructures incorporating various average QD sizes of
2.3, 3.0, and 4.1 nm, respectively. Plausible and reasonable charge-
transfer pathways within these materials are indicated. It is expected
that holes are being transferred from the valence bands of QDs to
those of MTH linker molecules and end up being trapped in the
process. Conversely, electrons are expected to tunnel into the
conduction band of the DWNTs. e, electron; h*, hole; CB,
conduction band; and VB, valence band.

energy levels of CdSe QDs possessing different sizes as well as
of the DWNTs have been calculated, based on previous
papers.”®~°" The redox energy level of the thiophenol linker has
been previously reported to be —0.006 V vs NHE,*” which is
situated at a higher energy as compared with the valence bands
of all three CdSe QDs; hence, the linker is energetically
favorable for hole transfer from the CdSe QDs. Upon excitation
and photon absorption, an electron—hole pair exciton will form
within the CdSe QDs. The photogenerated holes will then be
efficiently trapped by the thiol groups within the MTH linker
that is strongly adsorbed onto the CdSe QD surface, resulting
in the creation of a thiol-based radical with the implication that
two thiol-based radicals can react and combine to form a
disulfide species.'®

Because of the previously reported higher LUMO levels
associated with these various thiol molecules,****** electron
transfer should occur at the interface between the CdSe QDs
and the DWNTs, in which the intervening MTH linker
molecule serves as an energetic barrier through which electrons
can tunnel.*>®® Hence, the difference between the conduction
band energy levels of the CdSe QDs and of the DWNT' s serves
as a driving force for interfacial electron transfer.”” Therefore, it
is expected that ever smaller sizes of quantum confined QDs,
possessing higher conduction band energy levels, should favor
larger electron injection rates.

Nevertheless, it was noted that there was not a significant
difference between the 3.0 and 4.1 nm diameter QD-based
systems in terms of the C and O K-edges. Furthermore, we
appeared to observe more charge transfer in the Cd M;-edge
for the composites incorporating 4.1 nm diameter QDs as

opposed to 3.0 nm diameter QDs, although the smaller 3.0 nm
diameter QDs with their higher conduction bands supposedly
were more amenable to charge transfer.

One possible explanation for this aberration is the fact that
we observed different QD coverage densities within these two
systems. Specifically, as shown in Figure 1, the 4.1 nm diameter
CdSe QDs evinced a noticeably higher coverage density (i.e., ~
1.5 times) as compared with their 3.0 nm diameter counterparts
on the outer DWNT surface, thereby providing for greater
interfacial contact areas as well as the potential possibility for
additional pathways and channels for charge flow to occur from
QDs to DWNTs with the net result that this intrinsic spatial,
geometric consideration would dominate over the inherent
electronic driving force associated with quantum confinement.
The impact of QD coverage density upon the electron-transfer
properties has also been specifically investigated using electrical
transport measurements, as will be described later.

Raman Spectra. Raman spectra associated with pristine
and oxidized DWNTs are displayed in Figure SS. The intensity
ratio of the D band near 1340 cm™ to the tangential mode (G
band) near 1580 cm™ (Ip/I;) dramatically increases after the
purification process (i.e., In/I; = 0.04 for pristine DWNTSs and
0.50 for purified DWNTs). The increase in the I,/I; ratio due
to the purification process is expected, because the increased
peak intensity associated with the D band can typically be
attributed to damage and distortion of the intrinsic conjugated
sp” carbon lattice, as well as to the presence of amorphous
carbon®® and other symmetry-breaking defects in the DWNTs
generated during the oxidation and concomitant surface
functionalization of DWNTs (i.e., formation of —COOH and
other oxygenated species on the surfaces of our tubes).*””’

The tangential modes (G-bands) of the DWNT—MTH-
capped CdSe QD composite heterostructures together with
that of the DWNT—MTH control sample are collectively
displayed in Figure 5. Each individual G band was treated as a

—— DWNT-MTH-CdSe 2.3 AL
15| %78 601
q?fiqi

—— DWNT-MTH-CdSe 3.0

Raman Intensity (a.u.)

1
1450 1500 1550 1600 1650 1700
Raman Shift (cm™)

Figure 5. Raman G-band spectra measured at an excitation wavelength
of 514 nm (2.41 eV) of a DWNT—MTH control sample as well as of
DWNT—-MTH-capped CdSe QD (with average constituent QD
diameters of 2.3, 3.0, and 4.1 nm, respectively) heterostructures,
generated by noncovalent 7—x stacking. The G* bands of the outer
tubes for each sample are highlighted by the red arrows for clarity.

convolution of four Lorentzian components (i.e., the dashed
curves). The two peaks at higher frequencies can be attributed
to the G* and G~ bands of the semiconducting outer tube,
whereas the other two peaks at lower frequencies correspond to
the G" and G~ bands of the semiconducting inner tube.
According to the Kataura plot,”" the 2.41 eV excitation energy
of the laser is in resonance with the E,;° transition of a
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semiconducting (S) outer tube as well as with the Ej;°
transition of a semiconducting (S) inner tube. The fits of the
sum of the Lorentzian peaks match well with previously
reported G-band deconvolution data on DWNTs, possessing a
S@S c011ﬁgura1tior1.72’73

Upon deposition of CdSe QDs, all of the outer tube G* sub-
bands (i.e., the peak with the highest frequency), which can be
ascribed to the unresolved A, and E; tangential G * modes for
the outer tubes,’* evince an apparent peak downshift, an
observation which can be potentially attributed to the G-band
“softening”, indicative of the expansion of C—C bonds upon n-
type doping and suggestive of the presence of electron transfer
from QDs in all three linker systems.”””> The observed
downshifts in the frequency of the outer tube G*-band of
DWNT—-MTH-capped CdSe QD heterostructures possessing
QD sizes of 2.3, 3.0, and 4.1 nm are 15, 3, and 8 cm™},
respectively. Moreover, the behavior associated with the
downshift in the G* ., peak frequency gives rise to a trend
similar to electron transfer that had been previously observed
with the C K-edge and Cd M;-edge NEXAFS spectra (i.e., QD
diameters of 2.3 > 4.1 > 3.0 nm), again confirming the presence
and extent of charge transfer. The fact that the inner tube G
sub-bands barely alter after QD deposition is also consistent
with a picture in which the charge from the QD donor is
transferred to the outer tubes within the DWNT acceptor,
which consequentially leads to a filling of those van Hove
singularities (VHSs) within the conduction band of the
nanotubes responsible for the observed Raman resonance.

Electrical Transport Measurements. Both NEXAFS and
Raman spectroscopy data have confirmed the presence of
electron transfer between CdSe QDs and the underlying
DWNTs. Electrical transport measurements have been used to
complement the optical data as well as to achieve additional
insights into the impact of individual reaction parameters such
as acid functionalization, QD sizes, and QD coverage densities.
In total, more than 180 DWNT—-MTH-capped CdSe QD
heterostructure field-effect transistors (FETs) were character-
ized by a pulse measurement setup to reduce any hysteresis
effect on the device’® as well as to provide decent statistics that
would allow for detecting any evident trends between variously
chemically treated devices.

Specifically, exemplary subthreshold characteristics of a
pristine DWNT and of an MTH-capped CdSe QD function-
alized device obtained at Vg = —0.5 V are shown in Figure 6 to
illustrate the extraction process that was used to acquire
insights into the impact of QD size and coverage density on the
doping stage of DWNTs. For otherwise similar devices, the
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Figure 6. Sub-threshold characteristics of a pristine and MTH-
functionalized DWNT FET measured at Vg = —0.5 V. A clear shift of
the minimum current point, i.e. Vi, is observed.

threshold voltage holds critical information about the doping
stage of an FET and/or the amount of charge in the vicinity of
the channel. Because extracting the actual threshold voltage V,
that defines the transition from the device off-state (where the
current depends exponentially on the gate voltage) to the on-
state that typically shows more of a power law dependence
from experimental data is often challenging, we have used
herein the change of V;, ie, the gate voltage at minimum
current, as an indicator of the DWNT doping level.

So-called ambipolar device characteristics are a result of
electron transport through the nanotube conduction band at
positive gate voltages and hole transport for negative gate
voltages through the valence band. Of the above-mentioned
total number of devices, those that show clear ambipolar
behavior were selected for the extraction process that
determines the gate voltage at which minimum current is
reached as a qualitative measure of Vy. The process was
discretely used for (a) pristine DWNTs, (b) DWNTs
functionalized with MTH and CdSe QDs measuring 2.3 nm,
(c) DWNTs functionalized with MTH and CdSe QDs
possessing a diameter of 3.0 nm, as well as for (d) DWNTs
functionalized with MTH and CdSe QDs with a diameter of 4.1
nm. It is worth mentioning here that all of the measurements
have been carried out under dark conditions. Hence, the
observed charge-transfer behavior is not associated with the
photoinduced excitons,”” but rather with possible work
function differences among the various individual components
in the system.

Figure 7 shows the actual V;, values extracted for pristine
and various DWNT—MTH-capped CdSe QD heterostructures.
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Figure 7. Distribution plot showing the trend of a shifted minimum
current, Vi, for pristine and MTH-capped QD-functionalized
DWNTs. The higher the level of QD decoration on the underlying
DWNT surface, the more negative the V..

We note that while individual devices do demonstrate dissimilar
Vo Values, indicating varying doping levels, the large number
of devices characterized in this study provides clear evidence of
a doping trend between transistors of types a—d. In fact, our
data suggest an increase in the n-doping level from a to d with
the highest n-doping achieved in the DWNT—MTH-capped
CdSe QD heterostructures, with average QD diameters
measuring 4.1 nm, suggestive of the presence of the highest
amount of charge generated in spatial proximity to the
DWNTs. As has been pointed out before, the coverage of
DWNTs varies with the choice of the QD size. We find that our
transport results are consistent with the TEM-supported
observation (Figure 1) that the average QD density varies
from cases b (14 QDs/100 nm), ¢ (16 QDs/100 nm), to d (27
QDs/100 nm).
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We submit that it is the charge-transfer process from the
MTH-capped CdSe QD system to the DWNT due to a smaller
work function of the functionalized group as compared with the
DWNT itself that creates the observed n-doping level, a finding
that had not been previously reported. We also re-emphasize
that the above statements are not related to the amount of
charge transfer under illumination. Because all measurements
were performed in the dark, no photoinduced electron transfer
can be observed. Instead, the data indicate that the QD-ligand
system once attached to the DWNT is no longer “charge
neutral”, an important fact that needs to be considered in the
context of solar cell applications. To summarize, in the absence
of laser illumination, systems possessing higher QD coverage
densities lead to more charge transfer to the DWNT.
Measurements of this series of DWNT—MTH-capped CdSe
QD heterostructures in the presence of laser illumination are
still under investigation in order to reveal additional insights
into photoinduced charge transport.

It is also worth reinforcing our findings about DWNT
functionalization from data associated with “on/off current
ratios”. When functionalizing DWNTSs as opposed to single-
wall carbon nanotubes (SWNTs) with the MTH-capped QD
complex, the idea was to ensure the structural and electronic
integrity of the inner carbon nanotube shell, while only
breaking bonds associated with and attaching the ligands onto
the outer shell of the DWNT. This approach appears to be a
promising strategy for solar cell applications, because it ensures
that excellent transport of charges through the inner shell of the
system is preserved, even after functionalization of the outer
tube shell has occurred. While the various optical methods
presented above clearly indicate the successful attachment of
the ligand—QD system, these measurements cannot unambig-
uously provide the desired information about the quality of
transport through the DWNT system after functionalization.
Therefore, herein we present for the first time a statistical study
of on/off current ratios (see illustration in Figure 8) that
provides initial insights into this topic.

While the fact that “on current” levels for functionalized
DWNTs and pristine DWNTs are similar (as shown in Figure
6) and already provide initial evidence of the absence of a
severely damaged tube channel, Figure 8 further evaluates the
specific impact of the tube functionalization by evaluating the
distribution of experimentally measured I,,/I s values for a
large number of three-terminal devices. For pristine DWNT
FETs, the expectation is that on/off current ratios are rather
small, consistent with the notion that the outer shell of a
DWNT with its larger diameter exhibits a smaller band gap that
results in a higher off-current as compared with a SWNT.
Groups have recently reported’®”” on/off current ratios of
about 3 and 4 orders of magnitude, consistent with this
statement.

Our results indicate that pristine DWNT FETs exhibit I,/I ¢
values larger than 2 in only about 13% of all cases, and none of
these devices characterized achieved an on/off ratio of 8. On
the other hand, a much larger number of devices, i.e., 22% of
MTH-capped CdSe QD-functionalized DWNTSs exhibited
log(I,./I.¢) > 2, and a small number of these devices even
attained on/off current ratios of as large as 8 orders of
magnitude (cf. Figure 8). This interesting observation can be
understood in the context of the above intuitive argument of
breaking only the outer, external carbon nanotube shell when
attaching the MTH-capped CdSe QDs onto the DWNT
structure. In fact, we find that in 34% of all SWNT FETs, on/
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Figure 8. On/off-current distribution for pristine and functionalized
carbon nanotubes. A larger portion of functionalized DWNTSs shows
an on/off-current ratio larger than 2 as compared with pristine
DWNTs.

off current ratios larger than 2 orders of magnitude are obtained
and values as high as 8 orders of magnitude are achievable in
some FETs (see lower distribution plot in Figure 8). Our
experimental data clearly suggest that the device behavior of
DWNTs is becoming more similar to pristine SWNT FETSs
after functionalization, thereby confirming the validity of the
intuitive picture.

B CONCLUSIONS

DWNT—-MTH-capped CdSe QD heterostructures, possessing
average QD diameters ranging from 2.3, 3.0, to 4.1 nm,
respectively, have been successfully synthesized using a facile
noncovalent 7—x attachment approach through the mediation
of MTH linker. TEM and HRTEM images have indicated that
the 4.1 nm diameter MTH-capped CdSe QDs are quantita-
tively more numerous as compared with their smaller-sized
counterparts in terms of coverage density on the underlying
DWNT surface.

With a collective analysis of both NEXAFS and Raman
spectra, plausible evidence for electron transfer has been
proposed for all the DWNT—MTH-capped CdSe QD
heterostructures. Specifically, analysis of the NEXAFS spectra
of DWNT—MTH-capped CdSe QD heterostructures incorpo-
rating different QD sizes confirms that the interfacial electron
transfer falls within the “normal” Marcus theory region, wherein
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the heterostructure possessing the smallest QD size (i.e., 2.3
nm) gives rise to the largest driving force for charge transfer.
The heterostructure possessing larger 4.1 nm diameter QDs
yielded anomalously greater charge-transfer behavior with
respect to that containing 3.0 nm diameter QDs, an observation
which can be ascribed to differential coverage densities onto the
underlying DWNT templates.

Complementary Raman investigation at 2.41 eV excitation
evinced an evident downshift of the outer tube G*-band,
thereby suggesting that CdSe QDs serve as electron donors,
wherein electrons are predominantly transferred to the outer
tubes in DWNTs in all three as-synthesized DWNT—-MTH-
capped CdSe QD heterostructures, which led not only to a
filling of the Van Hove singularities of the conduction band but
also to a further “softening” of the C—C bond, thereby shifting
the G*-band to lower frequencies. We note that this downshift
in the G* y,, peak frequency gives rise to a similar trend to
what has been previously noted with electron transfer in the
NEXAFS spectra (QD diameters of 2.3 > 4.1 > 3.0 nm), again
confirming the presence and extent of charge transfer.

The electrical transport measurements obtained in the
absence of illumination, which serves as a complementary
measurement to the aforementioned optical data, indicated that
the MTH-capped QDs once attached onto the DWNTs are no
longer “charge neutral” and further correlated the idea of n-
doping, ie, the presence of electron transfer under “dark”
conditions from the QDs to DWNTs which is essentially
dependent upon the QD coverage densities, as corroborated by
interpretable changes in threshold voltage characteristics. The
on—off ratios from the FETs further confirmed that the acid
treatment used selectively functionalizes the outer tubes of the
DWNTs and hence preserves the electronic integrity of the
inner tubes.

Therefore, the cumulative NEXAFS, Raman, and electrical
transport studies present in this work have highlighted the
presence of electron transfer in the DWNT—MTH-capped
CdSe QD heterostructures both under photonic excitation as
well as under “dark” illumination conditions. Moreover, our
studies offer a reasonable capability and path forward to tune
and facilitate charge transfer to DWNTSs via size and coverage
density control of immobilized CdSe QDs. Such findings
should shed light upon the connection between architectural
design and control of charge separation within the context of
QD-based solar cell regimes.
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