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ABSTRACT: Near-infrared light-emitting devices based on chirality-sorted
(8,3), (8,4) enriched carbon nanotubes (CNTs) are fabricated on transparent
and flexible substrate. The devices emit near-infrared light with well-defined
wavelength, narrow peak width and high intensity. 500 times bending test also
shows that the electric properties and electroluminescence (EL) spectra of
devices do not decay apparently. This work demonstrates that chirality-sorted
CNTs have large advantages in transparent and flexible infrared light source

applications.
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As application fields expand, flexible electronics and
optoelectronics have attracted increasing attention.
Examples include integrated circuit,' implantable medical
devices,” sensors,” solar cells,* conformable radio frequency
identification (RFID) tags,” touch screens,® displays,” and so
on. Carbon nanotube (CNT) is a promising candidate for
flexible devices because of its excellent electronic, optical,
thermal and mechanical characteristics. Carbon nanotube has
an intrinsic mobility greater than 100000 cm?/(V s) at room
temperature.® At the same time, semiconducting CNT is direct
band gap 1D semiconductor, leading to the easier recombina-
tion of carriers than that in indirect band gap semiconductors.
Infrared light-emitting devices have been fabricated based on
CNTs using different kinds of samples and device sturc-
tures.” "> Because the thermal conductivity of an individual
single-walled CNT can be as high as 3500W/mK." It helps
devices sustain the heating generated by current. The
mechanical property of CNT is also robust, for example, the
Young’s modulus of a CNT is about 1000 GPa,"* which makes
it stable to multitimes bending. All these advantages indicate
the great potential of CNTs for flexible infrared light source
and optoelectronic integrated system.

In early reports, CNT thin films, including network' and
parallel array CNTs,"* have been used as the channel materials
to fabricate infrared light-emitting devices. Compared to single
nanotube light-emitting devices, thin film devices fabricated by
unsorted nanotubes are used to increase the luminous intensity
through parallel connecting multiple CNTs and reducing the
diversity between devices caused by different chirality.
However, the previous CNT thin films used in light-emitting
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devices usually contained many kinds of chirality CNTs, leading
to a broad emission spectrum. In practice, well-defined near-
infrared wavelength and narrow peak width are important for
application, especially in short distance transmission and
control, such as the design of waveguides, modulators, and
receivers.'® Compared to the CNT thin film grown by chemical
vapor method (CVD) directly, nanotubes separated by the gel
chromatography method,'” ultracentrifugation'® and DNA
wrapping chromatography'® mainly contain one or two chiral
CNTs. These chirality-sorted nanotubes have more advantages
for infrared light source application. First, most of the metallic
tubes have been removed after the separation processes,
reducing the quenching of excitons with nonradiative energy
transfer caused by metallic CNTs.'>"* Second, chirality-sorted
CNTs have selectable light-emitting wavelength determined by
chirality and narrower peak width than that of CVD-grown
CNTs containing many kinds of nanotubes. Third, exciton
transfer between tubes in the chirality-sorted sample is
relatively weaker than that in unsorted nanotube network
films. Because only one or two main chiral CNTs limit the
excitons of small diameter tubes decaying into the larger ones.*

In this letter, we present CNT light-emitting devices on
flexible substrate using chirality-sorted (8,3), (8,4) CNT film as
the channel material. As a result, spectrum of the CNT light
source shows two well-defined peaks with narrow width,
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Figure 1. (a) (8,3), (8,4) chirality-enriched CNT solution prepared by gel chromatography method. (b) Structure of the CNT film light-emitting
devices. The test pads are 5/45 nm Ti/Au (yellow) and the contact electrodes are 60 nm Pd (pink). The channel length and width of CNT film are
1 and SO pm, respectively. The flexible substrate is constructed by PET covered by a layer of 50% SU-8 (2002) photoresist with thickness about 1
um. (c) UV—vis—NIR absorption spectrum of the CNT sample. No obvious M, peaks indicate the absence or very small amount of metallic CNTs.
The S;; peaks located at 962, 1032, and 1119 nm are corresponding to (8,3), (7,5) and (8,4) CNTs, respectively. S,, peaks at 594 and 667 nm
correspond to (8,3) and (8,4) CNTs, respectively. (d) Photoluminescence contour map of the sample. The characteristic peaks of (8,3) and (8,4)
are at 968 and 1121 nm, respectively. There still exists small amount of (7,5) CNTs, corresponding to the emission wavelength at 1033 nm.

corresponding to the (8,3) and (8,4) CNTs, respectively. We
also check the stability of flexible devices with bending test, and
no obvious performance degradation is observed.

The chirality-sorted (8,3), (8,4) CNTs used in our
experiment are sorted from HiPco nanotubes with gel
chromatography method.'” After the sorting process, CNTs
are dispersed in 0.25% sodium deoxycholate (DOC) aqueous
solution to avoid the formation of nanotube bundles (see
Figure 1a). The (8,3) and (8,4) chirality-sorted semiconducting
CNTs are used to fabricate the flexible light-emitting devices.
Polyethylene terephthalate (PET) is chosen as the flexible
substrate. Because the roughness of surface of PET used in this
experiment is larger than 10 nm, it is not suitable to be the
substrate for CNT thin film device fabrication. To obtain a
smooth surface, 50% SU-8 (2002) photoresist, about 1 ym
thickness, is spin-coated on the PET by 3000 r/min, and baked
at 150 °C for 30 min. After the spin coating of SU-8 layer, root-
mean-square (RMS) of the roughness of surface is only about
0.49 nm (see the Supporting Information, Figure S1), which is
able to form flat nanotube films. Before fabricating the device
electrodes, the substrate is modified by 3-triethoxysilylpropyl-
amine (APTES) to increase the adhesion of CNTs. And then
the substrate is immersed in the 2% APTES solution for 10
min, washed by IPA and dried by nitrogen blow. The device
structure is patterned by electron-beam lithography (EBL) and
a lift-off process. The contact electrodes are fabricated by 60
nm Palladium (Pd) and the test pads are 5/45 nm Titanium/
Gold (Ti/Au). The channel length and width of the CNT film
device is 1 and S50 um, respectively. To obtain large enough
injected current, four pairs of finger electrodes are used in a
device as shown in Figure 1b. Then, chirality-sorted CNT
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solution is dropped onto the substrate directly and dried slowly.
When the droplet is dry, the sample is washed with deionized
water several times to remove the excess DOC to decrease the
contact resistance between nanotubes and electrodes. After the
EBL process, inductively coupled plasma (ICP) etching is used
to remove the extra CNTs that are not in the channels. To keep
the devices stable in the electroluminescence (EL) test, we
spin-coated about 300 nm PMMA (50 K) on the sample.

Electrical measurements are carried out with a Keithley 4200
semiconductor analyzer at room temperature. Electrolumines-
cence measurements are carried out with a 150 line/mm
grating and a liquid-nitrogen-cooled InGaAs detector linear
array of 512 X 1 pixels (detects E > 0.8 €V) (Jobin Yvon/
Horiba Company). The spectra are collected using a micro-
scope objective (S0X) lens. The typical integration time for
collecting an EL spectrum is 60 s. All measurements are
performed in air.

To observe the morphology of the CNT film clearly, the
solution was also dropped onto the Si/SiO, substrate and dried
naturally. Typical CNT film is characterized by scanning
electron microscope (SEM) image as shown in Figure S2 in the
Supporting Information and the average CNT length is about 1
um. Figure 1c shows the UV—vis—NIR absorption spectrum of
the solution sample where are no obvious M, peaks, indicating
the absence or very small amount of metallic nanotubes. The
S;; peaks at 962 nm (1.29 €V) and 1119 nm (1.11 eV) and S,
peaks at 594 nm (2.09 eV) and 667 nm (1.86 eV) correspond
to (8,3) and (8,4) CNTs, respectively.21 There also exists a
small amount of (7,5) nanotubes in the sample, corresponding
to the 1032 nm (1.20 eV) peak in the absorption spectrum.
Figure 1d shows the photoluminescence (PL) contour map of
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Figure 2. (a) Current—voltage curve of a typical device. (b) EL spectra of the device under different current. Two main EL peaks are corresponding
to the (8,4) and (8,3) CNTs, respectively. (c) Lorentz fitting of the EL spectrum at current of 40 #A. The spectrum can be fitted by three peaks. (d)
Integrated intensity of three peaks as a function of the current. All of them show a near linear relationship with the current.

CNT sample and the characteristic peaks of (8,3) and (8,4) are
968 nm (1.28 eV) and 1121 nm (1.11 eV), respectively. Raman
spectra are also used to characterize the nanotube films with
different wavelength lasers excitation (Figure S3a, b in the
Supporting Information). Figure S3a in the Supporting
Information shows the radial breath mode (RBM) peaks of
(8,3) and (8,4) CNTs lying at 297 and 282 cm™', respectively.
There are also some other RBM peaks in the spectra, which are
the resonance peaks of other chirality CNTs, such as (9,7),
(10,5), (11,3), (10,2), (9,1), and (10,3), excited by 785 and 633
nm lasers.”” The D peak in Figure S3b in the Supporting
Information shows that there are some defects in CNTs, which
may be produced in dispersion process of nanotubes.

The current—voltage characteristic curve of a typical device is
shown in Figure 2a and it indicates a complex transport
mechanism in this film device. At small bias voltage, the few
residual metallic CNTs contribute to most of the current due to
large Schottky barrier (SB) existing between small diameter (<1
nm) semiconducting nanotubes and Pd electrodes. At large bias
voltage, the semiconducting CNT channels turned on and
supported majority of the current. It should be noted that
CNTs with different chiralities are contacted to the electrodes
in the thin film device, in which carriers have to overcome the
tube—tube contacts to transport across the channel.

Figure 2b shows the EL spectra of the same device in Figure
2a. The threshold current and voltage for obvious EL spectrum
is about 10 pA and 2.5 V, and the EL intensity increases with
the increasing current from 10 to 40 puA. The spectra are
dominated by two strong emission peaks at 0.93 and 1.06 eV,
which may be assigned the two main chirality (8,4) and (8,3)
nanotubes in the film, respectively. To further assign the EL
peaks exactly to corresponding optical transitions of chirality
nanotubes, one of the EL spectra (shown in Figure 2c) is fitted
with three Lorentz lineshapes. The centers of three emission
peaks are 0.93, 1.01, and 1.06 eV, respectively. The
corresponding full width of half-maximum (fwhm) of three
peaks is 66, 120, and 58 meV. In the spectra, the two strong EL
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peaks at 0.93 and 1.06 eV with relative narrower fwhm are
attributed to E,; transitions of (84) and (8,3) CNTs,
respectively. The PL spectra of the same CNT film on quartz
substrate excited by 488 and 633 nm lasers are shown in Figure
S4 (see the Supporting Information), in which the character-
istic peaks of (8,4) and (8,3) are 1.07 and 1.26 eV, respectively,
about 0.02 eV red shift compared to the PL peaks of CNT
sample in solution shown in Figure 1d. There still exists the
peak of (7,5) CNTs in the PL spectrum. Because the 633 nm
laser is close to the resonance E,, energy of (7,5) CNT at 645
nm, which causes the relatively strong emission peak of the
(7,5) CNT in the PL spectrum. The EL peaks of (8,4) and
(8,3) are about 140 and 200 meV redshift compared to PL of
CNT film, respectively. The redshift is not an accidental
phenomenon and the statistical result of 15 devices fabricated
in one batch shows almost constant results (see the Supporting
Information, Figure SS). The redshift cannot be simply
attributed to the exciton transformation from (8,3) or (8,4)
nanotubes to larger diameter ones. First, the amount of other
kinds of CNTs is limited. Second, if the exciton transformation
dominates the EL process, the spectra should show a broad
peak at the lowest energy region. However, there are two
narrower peaks with a weaker peak sandwiched in them,
meaning that the excitons transfer neither to the lowest energy
state nor the adjacent energy state, which is unreasonable.
Possible reasons for redshift of the EL spectra may be the
bundle of nanotubes,* localized excitons at structural defect
sites,"’ drain-field-induced doping that leads to enhanced
dielectric screening** and so on. In such solution processed
samples, the defects related intrinsic dark state may lead to a
large EL redshift.">*° The drain induced doping leads to
spectra redshift due to the increasing screening of Coulomb
interaction in the CNT with the high doping level which are
responsible for both a renormalization of the band gap and a
reduction of the exciton binding energy.”* While the result
based on ab initio calculation and effective mass (EM)
approach shows that doping causes the reduction of band
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gaps and exciton binding energies, leading to a blueshift.”®
Whether the spectral redshift are attributable to doping is still
controversial. The reasons of large redshift in our experiment
need further investigation.

In the EL spectra (Figure 2c), the peak at 1.01 eV (peak A)
was wider than the other two peaks. It can be assigned to the
following transitions: (a) the existence of a small amount of
(7,5) CNTs whose E;; peak lies between (8,4) and (8,3)
CNTs. From the absorption and the PL spectra, there is an
obvious (7,5) nanotube characteristic peak. (b) EL emission
from the local defects of (8,3) CNTs. The dispersion process
introduced defects to the sample inevitably, which is confirmed
by the D peak in the Raman spectrum (Figure S3b in the
Supporting Information). As defect energy levels usually lie
lower than the E;; energy level, leading to an extra peak at
lower energy region relative to the intrinsic EL peaks. (c)
Exciton transfer from (8,3) nanotubes to (7,5) nanotubes in the
films. On the one hand, the migration of nanotubes during the
drying process of the samples may generate more bundles,
which may provide a pathway for exciton transfer between
nanotubes. On the other hand, the CNT solution is high
concentration, leading to a high density of CNTs on substrate
after drying. Both make it possible for some exciton transfer
between nanotubes in the sample.*® At large current, EL peaks
at 127 eV begin to appear and it may correspond to the
interband transition of (8,3) nanotubes at local strong electric
field.

To explore the EL mechanism of the chirality sorted CNT
films, the intensity—current relationship is shown in Figure 2d.
Both (8,4) and (8,3) characteristic peaks show a near-linear
relationship with the current, which is in accordance with the
characteristics of ambipolar radiation recombination under low
electric field of 2—3 V/um. Although the device is fabricated
using symmetrical Pd contact electrodes, the existing SB
barriers both for electron and hole injection in the thin film
may lead to ambipolar recombination.”*?” Because of the
average length of nanotubes about 1 um and the curving
morphology, carriers may transit more than two CNTs from
one electrode to the other and go through at least one tube—
tube junction for the 1 ym channel length. Therefore, electrons
and holes may have different transport pathways in the thin
film, and then form excitons and recombine radiatively.>”

For most near-infrared light source applications, including
chemical spectroscopy and sensing,*® optical fiber communica-
tion,”® and on-chip optoelectronic integrated circuits, a nearly
monochromatic light is needed. Because the EL peak positions
are mainly determined by chirality of the CNTs. For various
applications, different chirality CNTs can be chosen to obtain a
certain EL wavelength."’ ' For example, the 0.93 eV light
emitted by (84) chirality CNT is close to the 1330 nm
communication wavelength. The peak width about dozens of
meV is narrow enough to meet the requirement of most
applications, like optical communications. More importantly,
both centers of the two EL peaks keep stable with the
increasing current (Figure 3a) and there is only small
fluctuation of the three peaks’ width (Figure 3b). The
phenomenon also supports that no obvious change of proposed
EL mechanism within the current or voltage range.

To confirm the stability of devices during folding process, we
compared the electric and EL characteristics of a device before
and after bending test for 500 times in Figure 4. Typical
bending test is shown in Figure 4a and the bending radius is
about 2—3 mm. Figure 4b shows the current—voltage curves of
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Figure 3. (a) Center of EL three peaks dependent on the current. All
of them keep stable with the increasing current. (b) Width of three
peaks change with the increasing current.
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Figure 4. Comparison of the device performance before and after
bending test for S00 times with the bending radius about 2—3 mm.
Blue and orange curves represent the original state and after-bending,
respectively. (a) Photo of the bending sample. (b) Electric property of
the device. The I-V curves almost coincided with each other before
and after bending test. (c) EL spectra of the device at different current.
(d) Center of the peaks variety with the voltage show that all of three
peaks center are unchanged. (e) Width of the peaks dependent on the
voltage. (f) Relationship between total integrated intensity and the
current of the device before and after bending test.

the device before (blue) and after (orange) bending test. They
are almost coincided with each other, indicating that the CNTs
in channel are not broken down under such a process. This is
attributed to the excellent mechanical property of CNTs and
the network structure of CNT films. To verify the EL property
of the device, the spectra are obtained under the same
measurement condition before and after bending test. As Figure
4c—e shows, the characteristics of the EL spectra basically
maintained. At the same time, the positions of all three peaks
stay unchanged, suggesting that the fold process does not
obviously change the intrinsic EL property of the device. Figure
4f shows the relationship of total integrated intensity with
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current. The slope reflects the radiation efficiency of devices,
and it appears there is no obvious change before and after the
bending test. The top and bottom surfaces of the chirality-
sorted nanotubes are organic PMMA (S0K) and SU-8,
decreasing the nonradiative recombination commonly hap-
pened for nanotubes on Si/SiO, substrate.’® A total of 25
devices are tested with the same process, and 100% of them still
work after the bending test is performed 500 times.

In summary, we have demonstrated the infrared light-
emitting devices based on chirality-sorted (8,3), (8,4) CNTs
thin film on PET substrate for flexible and transparent
optoelectronics. The EL spectra of nanotube devices show
two main characteristic peaks corresponding to (8,3) and (8,4)
chirality-enriched CNT and narrow peak widths several tens of
milli-electron volts. After the bending test is performed 500
times, the electric and EL performance of devices is still good
and the result statistics show that all of 25 devices still work.
The excellent electrical, optical, thermal, and mechanical
properties of chirality-sorted CNTs make it competent in
transparent and flexible infrared light-emitting source applica-
tions.
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Figure S1 shows the AFM photograph of the SU-8 surface.
Figure S2 shows the SEM image of CNT film. Figure S3 shows
the Raman spectra of the chirality-sorted CNT sample. Figure
S4 shows the PL spectra of the same (8,3), (8,4) CNT film on
substrate excited by 488 and 633 nm lasers. Figure SS shows
the statistical result of the peak position of 15 devices fabricated
in one batch. This material is available free of charge via the
Internet at http://pubs.acs.org.
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