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ABSTRACT

The electroluminescence (EL) properties from single-wall carbon nanotube network field-effect transistors (NNFETs) and small bundle carbon
nanotube field effect transistors (CNFETS) are studied using spectroscopy and imaging in the near-infrared (NIR). At room temperature, NNFETs
produce broad (~180 meV) and structured NIR spectra, while they are narrower (~80 meV) for CNFETs. EL emission from NNFETSs is located
in the vicinity of the minority carrier injecting contact (drain) and the spectrum of the emission is red shifted with respect to the corresponding
absorption spectrum. A phenomenological model based on a Fermi-Dirac distribution of carriers in the nanotube network reproduces the
spectral features observed. This work supports bipolar (electron—hole) current recombination as the main mechanism of emission and highlights
the drastic influence of carrier distribution on the optoelectronic properties of carbon nanotube films.

Single wall carbon nanotube (SWNT) devices have been
shown to exhibit rich electro-optical effects. In particular,
near-infrared (NIR) electroluminescence! (EL) and photo-
conductivity in nanotube transistors,> as well as photovoltaic
effects in nanotube p-n junction diodes® have been demon-
strated in devices in which the active region is made of
individual carbon nanotubes. More recently, researchers have
begun to investigate the properties of carbon nanotube
networks for optoelectronic applications. It has been dem-
onstrated that thin carbon nanotube sheets and carbon
nanotube network transistors (NNFETs) made from these
ensembles of nanostructures exhibit exciting properties such
as photoconductivity* and bolometric response.’ The elec-
troluminescence properties of this new material, however,
have not been investigated.

Experimental and theoretical studies on individual carbon
nanotube transistors (CNFETs) revealed that EL from
ambipolar devices involves the recombination of electron—hole
pairs near a p-n junction that is electrostatically induced in
the channel.'* EL has also been observed in cases where
no p-n junction is expected, such as in partially suspended
CNFETs,'%!! at fixed defect sites in ambipolar CNFETs,'?
and in unipolar CNFETs.!? Alternative mechanisms involving
either the impact excitation of hot carriers'®'* or thermal
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emission'! were proposed to explain these observations.
Because of the presence of a statistical ensemble of individual
nanotube emitters in a network, the investigation of EL from
NNFETsS should provide additional insights into the possible
EL processes.

In this communication, we report on the EL properties of
network transistors made from carbon nanotube sources
having different diameter distributions. We compare the EL
emission spectrum of these devices both to their correspond-
ing absorption spectrum and to the emission spectrum of
individual CNFETs emitters. Our analysis reveals that EL
in these systems is dominated by emission from large
diameter nanotubes instead of from the entire nanotube
population. This feature is well-reproduced by a phenom-
enological model based on the Fermi-Dirac distribution of
carriers in the nanotube network. Moreover, our spatial
imaging results reveal localized EL at the minority carrier
injection contact and show that the dominant EL pathway
in unipolar NNFETs involves the recombination of bipolar
(electron—hole) current. Hence, impact excitation and ther-
mal emission can be ruled out as explanations for the origin
of the observed EL in our network devices.

Light emitting carbon nanotube transistors were fabricated
using three different SWNT sources. The first consists in
nanotubes synthesized using a laser ablation method" (LA
nanotubes), while the other two were produced by chemical
vapor deposition methods using either a high pressure
process'® (HiPco nanotubes) or Co—Mo catalysts!” (Co-
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Figure 1. SDPF: Spectral detected photon flow. (a) Typical EL
spectra of LA CNFET (top) and HiPco CNFET (bottom) acquired
using an exposure time (Zexp) of 2 min. The electrode spacing is 1
um. The LA spectrum is from a CNFET operating at Vg = =5V,
Ve = —2.5 V, while the HiPco spectrum is from a device operating
at Vg= —9.5V, V, = =20 V. Lorentzian fits are also shown and
give line widths of ~80 meV for CNFETs. For clarity, LA CNFET
spectrum has been upshifted by 100 units along the vertical axis.
(b) Typical near-infrared EL spectra from a LA NNFET biased at
Va= —25V (bottom curve) and V4 = —110 V (top curve) at V, =
—20 V with #.,,= 2 min. The electrode spacing is 3 um. Insets:
SEM images of the devices.

MOoCAT nanotubes). The significantly larger diameters of
LA nanotubes (1.1—1.5 nm) compared with those contained
in CoMoCAT (0.6—1.1 nm) and HiPco (0.7—1.1 nm) sources
are a central feature of this study.

In order to establish a solid reference base, we measured
EL emission from both individual bundle CNFETs and
NNFETs. Measurements on both were essential since there
have only been a limited number of reports on the EL spectral
characteristics of individual carbon nanotube emitters.!%1113.18
Individual CNFETs are made from a small individual bundle
of either HiPco and LA nanotubes, while NNFETSs are
fabricated from networks of LA and CoMoCAT nanotubes.
The insets in Figure 1a,b show SEM images representative
of CNFET and NNFET devices. CNFET channels consist
mainly of an individual SWNT bundle while the channel of
the NNFETSs consists of a submonolayer network of inter-
connected SWNTSs. All measured transistors displayed p-type
semiconducting electrical characteristics in air. However, it
was possible to convert the devices from unipolar to
ambipolar by covering them with a 150 nm parylene-C
coating followed by an annealing in vacuum at 200 °C for
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24 h, a procedure similar to what has been previously
reported. !

EL spectra were acquired at room temperature using the
Montreal infrared spectrometer (SIMON), a state-of-the-art
NIR spectrometer/imager designed for the Mont-Megantic
astronomical telescope (OMM, Quebec, Canada).?’ Support-
ing Information provides further details concerning device
fabrication as well as electrical and EL measurement
protocols.

Examples of EL spectra from CNFETSs fabricated using
LA and HiPco sources are shown in Figure la. The
transistors were biased in order to obtain the same value of
source—drain currents (Igs = 5.5 @A) while allowing for
sufficiently high emission signal to acquire the spectra. The
EL characteristics of the CNFET fabricated using the LA
source (top curve) were measured with gate (V) and drain
(V4) bias voltages of —2.5 V and —5 V, respectively. An
electroluminescence efficiency (total emitted photons per
injected carrier) of approximately 77. ~ 107® was measured
in these conditions. A narrow peak centered at 0.70 eV
having a Lorentzian line width of ~80 meV is clearly
resolved. We also observe two satellite peaks (see arrows)
red shifted by 60 and 110 meV of the main EL feature. The
bottom curve in Figure la presents the emission spectrum
for a HiPco device biased at V4 = —9.5 Vand V, = =20 V.
This spectrum shows two narrow peaks emitting at energies
of 0.77 and 0.89 eV. The higher emission energies measured
for this bundle are consistent with the smaller diameters of
the nanotubes contained in the HiPco source used to fabricate
the device. Lorentzian line fits to these peaks resulted in line
widths that were essentially identical to those corresponding
to the LA device (~80 meV).

Spectra acquired on a number of CNFETs consistently
exhibited emission peaks having ~80 meV line widths
leading us to assert that each peak corresponds to the
emission originating from an individual carbon nanotube.
More than one peak can be resolved for bundles of HiPco
nanotubes because the larger spread in energies associated
to these smaller diameter nanotubes reduces the overlap
between the emission from distinct nanotubes. The satellite
peaks observed in the EL spectra from LA devices can be
attributed to simultaneously emitting nanotubes; we hypoth-
esize, however, that they may also result from the emission
of dark excitons,?! biexcitons,?? or localized excitons.?* The
lower signal-to-noise ratio of the EL from HiPco devices
did not allow us to confirm the presence of these fine
structures.

Figure 1b presents typical spectra of LA-NNFETSs. The
bottom curve shows the results for a device biased at V, =
—20V and V4 = —25 V with Iy; = 9 uA. The EL efficiency
is an order of magnitude higher than that of the CNFET
devices, 1. ~ 1075, The emission from LA-NNFETS is
centered at 0.69 eV (essentially the same value as for the
CNFET from the same nanotube source), but in contrast to
CNFETs, the peak is much broader (~180 meV). To confirm
the presence of spectral fine structure, measurements were
also taken by biasing the device at Vg = —110 V (top curve)
in order to operate the SIMON spectrometer in its maximum
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Figure 2. (a) SEM images of a long channel NNFET made from
LA nanotubes. The electrode spacing is 250 um and the width of
the SWNT network is 100 um. (b) NIR images of the EL in a
typical long channel unipolar NNFET. The light emission zone is
located at the drain (D) contact region at V, = V¢/2 = =30 V and
Vqa= —60 V. (¢) The emission zone changes side when the voltage
polarity is reversed, i.e., V, = 30 V and V4 = 60 V.

resolving power mode (see Supporting Information). Except
for an increase in the light intensity, the broad EL line shape
was found to be independent of the biasing conditions and
is characteristic of all NNFETs fabricated using the LA
nanotube source.

These results allow us to highlight a number of important
observations regarding the EL emission from NNFETs. First,
the energy range (0.60—0.85 eV) and fine structure observed
in the EL spectrum of LA nanotubes is similar to their
corresponding PL spectrum (see Supporting Information),
which is consistent with the diameter distribution of the LA
source. This finding strongly suggests that the radiative
recombination of excitons that is responsible for the PL
signal® is the same process leading to EL in carbon nanotube
networks. Second, the broad line shape of the EL emission
indicates that a large population of nanotubes is participating
to the EL signal. Thus, the EL emission appears to be a
superposition of several narrow peaks originating from
individual carbon nanotube emitters.

The spatial resolution of the SIMON spectrometer/imager
(~30 um/pixel) allowed us to further investigate the origin
of EL in NNFETs. Long channel unipolar p-type NNFETSs
(L =250 um, W = 100 um), as the one pictured in Figure
2a, were used for these experiments. The device was biased
at both negative (Figure 2b) and positive voltages (Figure
2¢) in order to invert the location of the source and drain
electrodes. As evidenced from these images, the NIR
emission always occurred in the vicinity of the minority
carrier injecting contact (drain electrode).

If impact excitation were the mechanism responsible for
the EL signal, the maximum of the emission should occur
at the source, where hot majority carriers are injected.'’
Alternatively, if Joule heating were at the origin of the EL
in NNFETs, the emission spot would be located along the
channel and should be more intense in the middle.!" Hence,
we can rule out impact excitation and thermal emission as
mechanisms responsible for the EL emission in our devices.

The position of the emission spot rather suggests that
radiative excitonic recombination takes place when minority
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carriers (here electrons) leak from the drain to interact with
majority carriers (holes). The fact that no electron current is
measured in the electrical characteristics (exclusive p-type
behavior) suggests that the leakage is a dynamic effect due
to a modification of the band-bending conditions near the
drain contact. That is, under high current unipolar operation,
holes may be backscattered and accumulated at the drain.
This generates enough positive space charge near the contact
to pull the bands down and promote electron tunneling across
the Schottky barrier. This mechanism has been previously
suggested to account for the enhanced EL emission intensity
near the contacts in ambipolar CNFETSs operated at high
bias.512

Furthermore, if bipolar current recombination is indeed
at the origin of EL in unipolar NNFET, the intensity of the
emission will be limited by the tunneling rate of minority
carriers. As discussed above, this rate depends on the number
of positive space charge accumulated at the drain. Thus, the
emission rate should increase as the total hole current across
the device increases. We verified that this was in fact the
case. Moreover, unipolar devices that had been converted
to ambipolar devices using the procedure outlined above,
displayed identical EL emission line shapes and localized
contact emission. This finding further suggests that excitonic
recombination of electrons and holes, injected from opposite
contacts, is the main mechanism responsible for EL in
NNFET.

It is well-established that the optical absorption spectrum
of a bulk nanotube sample is a superposition of narrow peaks,
each corresponding to an optical transition of a given
nanotube species.?* Thus, the population of carbon nanotubes
contributing to the EL signal can be extracted by comparing
the EL emission spectra with the absorption spectra of a
network from the same nanotube source. The normalized
optical absorption spectrum of thick networks (~300 nm)
of LA (dotted curve) and CoMoCAT (bold curve) nanotubes
deposited on glass substrates are shown in Figure 3a. The
energy ranges for the first optical transitions (Ef,) of LA
(0.60—0.85 eV) and CoMoCAT (0.70—1.50 eV) nanotubes
are direct signatures of their significantly different diameter
distributions (1.1—1.5 nm for LA and 0.6—1.1 nm for
CoMoCAT nanotubes). Moreover, because only a few
specific nanotube helicities [(n,m) = (6,5), (7,5), (8,4), (8,3),
(7,6)] dominate the diameter distribution of CoMoCAT
nanotubes, distinct peaks at ~1.05 and 1.2 eV appear in the
absorption spectra.?’

Figure 3b depicts typical EL spectra from unipolar p-type
NNFETs fabricated using both LA (circles) and CoMoCAT
(crosses) nanotube networks. The broad emission line width
in both cases (~180 meV) compared with typical line width
for CNFETs (~80 meV) indicates that many carbon nanotube
emitters participate to the EL signal. Moreover, the emission
peak for the CoMoCAT device is centered at higher energy
(0.80 eV) compared with that for LA networks (0.70 eV),
which is consistent with the smaller overall diameters of
nanotubes present in the CoMoCAT distribution. In both
cases, however, the EL maximum appears at lower energies
than does the maximum of the absorption peak. The EL

2353



| — CoMoCAT

0.0+ y . '
bg\l

e LA
—%—CoMoCAT|

v

ok
o

0.8

Intensity (a.u.)
o B
il

©
(N
]

06 08 10 12 14
Energy (eV)

Figure 3. (a) Absorption spectra recorded from networks made with
CoMoCAT and LA sources. (b) Corresponding EL spectra obtained
using SIMON with the Amici prism. The spectra were acquired
for fexp = 2 min using Vg = —25 V, V, = =20 V and V4 = —55
V, V, = —20 V for the LA and CoMoCAT spectra, respectively.
The electrode spacing is 3 um for the LA NNFET and 1 um for
the CoMoCAT NNFET. (c) Simulated EL spectrum for the
CoMoCAT source.

signal is red shifted by 25 meV for LA nanotube networks.
The shift is most significant for the CoMoCAT nanotubes
where the peaks appearing in the absorption spectra (1.2 and
1.05 eV) are very weak in the EL signal (see arrows). The
EL maximum of CoMoCAT NNFETs is offset by 400 meV
with respect to the absorption maximum.

These offsets are too large to be accounted for by the Stokes
shift alone (only few millielectronvolts).>* Moreover, a red shift
due to a change in dielectric constant is also unlikely given
that the absorption characteristics were measured for net-
works deposited in similar dielectric environments (thermal
oxide layer on silicon substrate and microscope glass slide).
These results show that only a subset of the entire nanotube
population contributes to the main EL signal. The lower
emission energy reveals that large diameter carbon nanotubes
contribute the most to the EL spectra.

Two different effects can account for the emission being
dominated by large diameter nanotubes: (i) the carrier density
distribution is higher on large diameter nanotubes and (ii)
an energy transfer process takes place from small to large
diameter nanotubes. We investigated the first mechanism by
calculating the carrier density distribution in the network.
We assumed that the carriers are relaxed throughout the
network (carrier relaxation time << carrier recombination
time). Briefly, we evaluated the carrier density for each
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nanotube in the network by integrating, over energy, the
product of the room temperature Fermi-Dirac distribution
by the one-dimensional (1D) density of states. The emission
for each possible nanotube helicity in the network was
simulated by a Lorentzian having a line width of 80 meV
and an amplitude corresponding to the square of the
calculated carrier density. The square was taken in order to
account for the recombination process (EL intensity is
proportional to the product of electrons and holes). Finally,
the simulated EL spectrum of the network is simply obtained
by the sum of the Lorentzians of the individual nanotubes
weighted by their relative population in the distribution. The
relative population of each nanotube species was extracted
from the analysis of the absorption spectrum (see Supporting
Information). The simulated emission spectrum for the
CoMoCAT network spectrum (Figure 3c) is located at 0.87
meV and displays a line width of 80 meV.

A comparison with the CoOMoCAT emission data shows
that the model reproduces remarkably well the spectral shift
observed experimentally. The simulated EL spectrum is
found to be completely dominated by SWNTs having 1.1
nm diameters, although they correspond to only 4% of the
total population. The intensity of the EL emission from small
diameter nanotubes is negligible due to the Fermi-Dirac and
band edge distributions of these SWNTs. Hence, the carrier
distribution in networks drastically influences the population
of exciton states that are formed. The fact that the experi-
mental EL spectra measured is somewhat broader and at
lower energies is most likely due to the poor estimate of the
relative population of large carbon nanotubes used in our
calculations (see Supporting Information). However, the
weak experimental peaks observed at higher energies (1.05
and 1.2 eV) are not reproduced by our model, possibly
because of the nonequilibrium condition at high voltage.

Recent photoabsorption and photoluminescence studies
have highlighted the importance of carrier migration and
Forster type energy transfer mechanisms in surfactant/
polymer encapsulated carbon nanotube bundles.?6-28 While
carrier migration is somehow consistent with our model, there
was no need to incorporate Forster energy transfer in the
present study.

In summary, we have shown that NNFETs are electro-
luminescent devices having broad and tunable EL spectra.
The spectral line width and the specific emission wavelength
mainly depend on the population of the largest SWNTSs
within a source. This remarkably strong effect appears to be
a property of networks and should not be observed for
individual CNFETSs. From a practical point of view, in order
to achieve carbon nanotube network devices displaying an
emission tunability that covers the full near-infrared range
that is available to SWNTSs, an effective enrichment and
separation of semiconducting nanotubes on the basis of their
diameter will be essential.
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