— L ghts

AT CEL

M

Switching nanotube-molecule hybrids with light

Carbon nanotubes are one or more graphene sheets (monolayers of carbon atoms) rolled into the
form of a hollow, cylindrical tube. They are 1-Dimensional electrical conductors and, by their size,
they bridge the gap between small-molecule electronics and conventional semiconductor techno-
logy. They offer the opportunity to realize new functions, ranging from accurate sensors to optoelec-
tronic and quantum devices, while being promising for implementing flexible electronics. However,
the peculiar nature of the 1-D density of electronic states limits their useful range of optical wave-
lengths. Coupling carbon nanotubes with optically-active organic molecules couples the nanotube’s
electrical sensitivity to the molecule’s specific optical properties. This can yield efficient "hybrid”
devices for transducing light to electrical current.

Most previous research into the use of
nanotube-molecule hybrids for sen-
sors or photovoltaics has been done on
macroscopic assemblies of nanotubes. At
the Institut NEEL we have worked at the
single-nanotube level, in order to study
the conversion of light into an electrical
signal at the nanometre scale. We dis-
perse carbon nanotubes on an insulating
substrate and locate suitable, isolated
nanotubes (1 or 2 microns long, typical
diameter 2 nm) by Scanning Electron
Microscopy. We then make two electrical
contacts (source and drain) onto a single
nanotube by electron-beam lithography.
Then we “decorate” the nanotube with
optically-active organo-metallic mole-
cules by dropping the molecules (“drop-
casting”) onto it.

These molecules are chromophores, spe-
cifically the porphyrins “TPPZn" with a
zinc core, that can switch to an electri-
cally-charged excited state upon expo-
sure to light. They are synthesized by
G. Royal and S. Cobo at the Département
de Chimie Moléculaire of the Université
Grenoble Alpes and can be tailored to
provide a variety of optical-transition
energies covering the visible wavelength
range. Decorated with such a molecule,
the nanotube’s conductance is sensitive
to a light-induced electrical charge on
the molecule. That is, the molecule acts
like the gate of a field-effect transistor
(FET) and we can realize optical gating
of this transistor at a desired wavelength.

To get a more complete picture of our
hybrid FET devices, we have used two
complementary techniques: (i) electrical
transport measurements (sensitive to
the molecule’s charge and to doping of
carriers into the nanotube from the mo-
lecule) and (ii) Raman-scattering spec-
troscopy. The latter technique gives fur-
ther insight into the doping effects, and
information about the carbon nanotube
phonons, and the optical excited states
of the molecule.

At room temperature, when we shine
light on our hybrid device, we see a
strong dependence of the transistor cha-
racteristics and the graphene’s Raman
spectra on the light's wavelength. This

wavelength dependence matches closely
the molecule’s optical absorption spec-
trum showing that the observed effects
correspond to charge transfer and/or
energy transfer between the molecule
and the nanotube.

In our experiments, an unusual increase
of the intensity of the graphene’s Raman
scattering and of the width of the Raman
mode is observed when the light stimu-
lus is on. These changes disappear after
switching the light off, even though the
molecule remains charged. The Raman
intensity enhancement is a signature of
a new resonance specific to the hybrid,
revealing a strong coupling between a

better coupling between excited traps
and nanotube. This allows us to tune the
tunneling efficiency in the hybrid device
with light.

The two unconventional responses ob-
served for our hybrid transistors, in the
Raman spectra and in the low tempera-
ture I-V characteristics, are fully rever-
sible. They are related to a modification
in the alignment of the energy levels
within the hybrid, which is due to the
light-induced switching of the chromo-
phore into an excited state. This opens
the possibility to control the optical and
electrical response of the hybrid devices
with light.
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1/ A carbon nanotube is decorated with porphyrins. Stimulus with light hv excites
the molecule, inducing a change of its redox state, which modifies the electronic and

molecular excitonic state and the nano-
tube’s electron states.

Furthermore, the molecules act as charge
traps which behave as “Coulomb is-
lands” at low temperature. At 10 K, elec-
trons can tunnel one by one between the
nanotube and the traps. This is seen as
regular plateaux in the transistor’s trans-
fer characteristics. It is the equivalent of
the phenomenon used to realize single-
electron memories in semiconductors.
Here, the molecular traps are optically
active: Exposure to light modifies the
features in the I-V (current vs voltage)
graphs characteristic of single electron
tunnelling. They change from plateaux
in darkness to sharp peaks under blue
light illumination, a consequence of a
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