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A one-dimensional soft and color-programmable light-emitting
device is developed by sandwiching an elastic light-emitting tube
with two aligned carbon nanotube sheets. It can be stretched by
over 200% without obvious fatigue in its illuminant property.
Furthermore, its emission light can be controlled for different
colors with tunable intensities that are independent of the observa-
tion angles. Based on its unique one-dimensional architecture, it
can be continuously produced and assembled into various patterns
or fabrics for large-scale application.

Light emission exists throughout nature."® For instance, halo-
bios and insects, such as Phengodidae (commonly called rail-
road worm), can emit light from each of its body segments via
paired photic organs for many important functions such as
defence and courtship. Compared with the available man-made
light-emitting devices, which are generally rigid and sometimes
bendable, these natural light-emitting systems are soft and elastic,
which are a key to solve the issues in the rapidly developing
wearable electronics.”"! Wearable electronic devices with the
function of light emission are required to stably attach onto and
easily deform with irregular substrates;'>*> these wearable light-
emitting devices are highly desired for multi-disciplinary
fields such as aerospace, transport, information technology, and
healthcare.'®?° For instance, light-emitting devices can be inte-
grated with various wearable bioelectronics devices to monitor
cardiac signals and temperature and body motion changes.**?>
However, it is challenging to realize these soft light-emitting
devices that mimic the promising paradigm in nature due to
the difficulty of finding appropriate materials and designing
comparable structures.

Herein, we fabricated a one-dimensional soft and color-
programmable light-emitting device (SCLED) by sandwiching
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an elastic light-emitting tube with two aligned carbon nanotube
(CNT) sheets. It can be stretched by over 200% without obvious
fatigue in its illuminant property. Furthermore, its emission
light can be controlled for different colors with tunable inten-
sities that are independent of the observation angles. Based on
its unique one-dimensional architecture, it can be continuously
produced and assembled into various patterns or fabrics for
large-scale application.

Fig. S1-S3 (ESI{) schematically demonstrate the fabrication
process of the SCLED. First, aligned CNT sheets were continu-
ously wrapped around a pre-stretched polymer fiber at a fixed
angle of 45° to prepare the inner electrode, followed by coating
a thin layer of silicone elastomer as a protecting layer. Herein,
the aligned CNT sheet was directly drawn from a spinnable
CNT array that was synthesized via chemical vapor deposition
(Fig. S4, ESIt).>*** Subsequently, the inner electrode was
inserted into an aligned CNT sheet-wrapped light-emitting tube
to produce the SCLED. The image and structure of a lit SCLED
are shown in Fig. 1a and b, respectively.

Fig. 2a and b show the scanning electron microscopy (SEM)
images of the inner electrode with aligned CNT sheets closely

Aligned CNT sheet
Light-emitting layer
Silicone elastomer

Aligned CNT sheet
Elastic polymer fiber

Fig. 1 (a) An image of the emitting SCLED being wrapped around a glass
bar. (b) Schematic of the structure of the SCLED.
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Fig. 2 SEM images of the SCLEDs. (a and b) Inner electrode at low and high magnifications, respectively. (c) Cross-sectional image of the light-emitting
tube. (d—f) Dispersion of Si, Zn and S elements, respectively. (g and h) Cross-sectional images of the SCLED at low and high magnifications, respectively.

(i) Outer CNT sheet electrode.

and uniformly wrapped around an elastic polymer fiber, which
exhibit a stable contact between the aligned CNT sheet and
polymer fiber due to van der Waals forces.”>>” The helical
angle of the wrapped aligned CNT sheet along the axial direc-
tion of the elastic polymer fiber remained almost unchanged by
synchronizing the moving velocity of the translation stage
and the precession velocity of the aligned CNT sheet. The
thickness of the aligned CNT sheet layer was about 18 nm,
and the wrapped aligned CNT layer thickness was accurately
controlled by varying the width, helical angle and wrapping
time of the wrapped aligned CNT sheet. Fig. S5 (ESIt) demon-
strates the surface of the inner electrode after coating with
a thin layer of silicone elastomer, which was mainly used to
prevent the wrapped aligned CNT sheet from being damaged
during the insertion process. The light-emitting tube possessed
a uniform diameter with the ZnS phosphor powder well dis-
tributed in the silicone elastomer (Fig. 2c-f). The SEM image of
the modified inner electrode after it was inserted into the light-
emitting tube is shown in Fig. 2g and h and Fig. S6 (ESIY),
which demonstrates a stable core-shell structure that is critical
to improve the emitting performance. Meanwhile, the outer
wrinkled CNT sheet electrode was also closely attached on the
light-emitting tube to ensure effective light emission (Fig. 2i
and Fig. S7, ESIt).

To increase the device performance, the preparation of
an effective elastic electrode was a key step (Fig. 3a-c). The
electrical properties of the inner electrode were first compared
by wrapping aligned CNT sheets on the elastic polymer fiber
with helical angles of 30°, 45° and 60°, while keeping the other
conditions including the diameter of approximately 1670 pm
for the elastic polymer fiber, pre-stretched strain of 100% and
thickness of approximately 486 nm for the wrapped aligned
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CNT sheet nearly the same (Fig. S8, ESIt). Since the thickness of
the wrapped aligned CNT sheet was the same, the electrical
resistances were mainly compared based on contact resistances
among the aligned CNTs which increased with an increase in the
helical angle along the axial direction. As a result, the electrical
resistances increased from 0.44 and 0.47 to 0.67 kQ cm™" with the
increase in the wrapping helical angle from 30° and 45° to 60°,
respectively. The changes in electrical resistance under stretching
are further studied in Fig. 3d. The change ratios in resistance
decreased from 7.34 and 1.30 to 1.27 with the increase in
wrapping helical angle from 30° and 45° to 60° under the same
strain of 200%, respectively. The changes in resistance are
lower at higher wrapping helical angles owing to the higher
initial electrical resistance. Considering the initial resistance
and stretching stability, a wrapping helical angle of 45° is
studied below if not otherwise specified.

The electrical resistance was also reduced from 2.41 to
0.47 kQ cm™' by increasing the thickness of the wrapped
aligned CNT sheets from 97.2 to 486 nm (Fig. 3e). With a
further increase in thickness, the electrical resistance remained
nearly unchanged. Therefore, a CNT sheet thickness of 486 nm was
explored. Fig. 3f and Fig. S9 (ESIt) demonstrate the cycling stability
of the inner electrode during repeated stretching and releasing
processes. The change in electrical resistance varied below 3% after
stretching for 1000 cycles at a strain of 200%. For the outer
electrode, the electrical resistances of the aligned CNT sheet
(1 cm in width) decreased from 0.9 to 0.48 and 0.27 kQ cm ™" with
an increase in thicknesses from 18 and 36 to 54 nm, respectively.
Notably, the optical transmittance decreased from 91% and 83% to
77% at a wavelength of 550 nm, respectively (Fig. 3g). As expected,
stable stretchability was achieved due to the designed wrinkled
structure of the CNT sheet (Fig. S10 and S11, ESIY).

J. Mater. Chem. C, 2018, 6, 1328-1333 | 1329
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Fig. 3 Properties of the SCLED. (a—c) Photographs of the inner electrode before and after stretching by 100% and 200%, respectively. (d) Dependence of
the electrical resistance of the inner electrode on strain. (e) Dependence of the electrical resistance of the inner electrode on the thickness of the
wrapped aligned CNT sheet. (f) Dependence of the electrical resistance of the inner electrode on time under the repeated stretching and releasing
process. (g) Dependence of the optical transmittance of the aligned CNT of the outer electrode on its thickness.

The SCLED can emit light under an alternating electrical
field. The charge carriers under a strong alternating electrical
field can be accelerated to excite the luminescent center to
generate electron-hole pairs, which further recombine to emit
light."® The luminance of the SCLED was first compared by
increasing the thicknesses of the outer CNT sheet. As shown in
Fig. 4a, the emission intensity decreased from 3.34 and 2.52 to
1.26 cd m~ > with an increase in thicknesses from 18 and 36 to
54 nm, respectively. Here, the transmission is dominant in the
SCLED with the maximum emission intensity occurring at
18 nm which was subsequently used.

Fig. 4b demonstrates the luminance curve of the SCLED
against an electrical field under frequencies of 1000 and 1500 Hz.
The emission intensity increased from 0.36 to 14.48 cd m~> with
an increase in the electrical field from 2 to 6.4 V um™", which is
attributed to the enhanced excitation of the luminescent center.
The relationship between luminance and voltage well matches the
equation L = Lyexp(—p/V*?), where, L is the luminance, V is the
applied voltage and L, and B are constants.*'® The emission
intensity can also be controlled by changing the frequency of the
applied voltage. A maximal value of 12.66 cd m > was achieved at
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1500 Hz (Fig. 4c). At a lower frequency, the generated power was low;
whereas, at a higher frequency, it is difficult for electrons and holes
to combine. Due to its promising fiber shape, the SCLED can emit
light in all directions with almost the same brightness (Fig. 4d).
The SCLED was highly stretchable, and was stretched as
much as 200% (Fig. 4e). The luminance ratios after and before
stretching increased from 1 to 3.8 with the increase in strain
from 0 to 200% (Fig. 4f). The luminance change is mainly
determined by three factors: (1) a decrease in the outer CNT
sheet thickness contributes to a higher optical transmittance;
(2) a decrease in the light-emitting layer thickness produces a larger
electrical field; and (3) an increase in the light-emitting area
generates a smaller density of light-emitting powder.® However,
the increased optical transmittance and electrical field may play
greater roles. The corresponding emission spectra are provided in
Fig. 4g. This SCLED demonstrated good stretchability and main-
tained 97.5% of its emission intensity after stretching for 200 cycles
at a strain of 200% with an increase in stretching speed up to 20%
strain per second (Fig. 4h). This indicates its high flexibility with
the variation in emission intensity maintained below 3% (Fig. S12,
ESIt). The cross-sectional SEM images of the SCLEDs after

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Dependence of luminance on thickness of the aligned CNT sheet. (b) Dependence of luminance on voltage. (c) Dependence of luminance on
frequency under an electrical field of 6 V um~*. (d) Dependence of luminance on angle of the SCLED. Lo and L correspond to the luminance measured at
0° and the other angle, respectively. (e) Photographs of the SCLED being stretched from 0%, 50%, 100% and 150% to 200%. (f) Dependence of luminance
on strain. (g) Emission spectra at different strains. (h) Dependence of luminance on stretching number at different speeds. Lo and L correspond to the

luminance before and after stretching, respectively.

stretching at a strain of 200% for 200 cycles and bending for
1000 cycles were monitored, which do not indicate any obvious
damage (Fig. S13, ESIT). The luminance and stretchability of our
electroluminescent fiber and that of other reported stretchable
electroluminescent devices were further compared, and the
results are shown in Table S2 (ESIf).>*7

For practical applications, light-emitting devices are usually
required to emit different colors and each color separately
controlled. Thus, we designed an SCLED with different colored
units sharing the inner electrode using ZnS powder which can
emit different colors (Fig. 5a). As a result, it can form various
patterns with different colors with the help of the circuit design
(Fig. 5b). The photoluminescence spectra of the different colors
of the ZnS powder are shown in Fig. S14 (ESIt). These SCLEDs
can further be integrated onto the human body and selectively
lit according to the requirement during use (Fig. 5¢-g).

Although there are several studies on stretchable light-
emitting devices, they mainly focus on planar structures, which
is a bottleneck for many emerging promising fields such as
wearable electronics. Herein, we have demonstrated the first
example of stretchable fiber-shaped light-emitting devices that
can be woven into elastic textiles (Fig. S15, ESIT). Furthermore,

This journal is © The Royal Society of Chemistry 2018

these stretchable light-emitting textiles solve the problem in
planar light-emitting devices that are not permeable to air and
water. They also open new application fields that remain
difficult for planar light-emitting devices. For instance, they can
be easily made into large-area displays for outdoor applications,
which is difficult for their planar counterparts. They can also
be conveniently and effectively integrated into clothes for next-
generation portable and flexible microelectronic devices.

In summary, a new soft light-emitting SCLED is designed,
which works even at a high speed of 20% strain per second and
maintains above 97.5% of its emission intensity during stretching.
Meanwhile, its unique one-dimensional shape enables the emis-
sion light to be independent of the viewing angle. Importantly,
different units of color can be further integrated with each color for
separate control. This work opens up a new direction for thee
construction of soft optoelectronic and electronic devices.

Experimental

The preparation of the spinnable CNT array and inner electrode
is provided in the ESL1°**° The light-emitting tube with a

J. Mater. Chem. C, 2018, 6, 1328-1333 | 1331
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Fig. 5 An image of (a) an SCLED assembled from different light emission units, (b) SCLED deformed to form an 'SOS’ pattern and (c—g) SCLEDs with

different colors being selectively lit.

thickness of 350-400 um was fabricated by injecting a light-
emitting solution consisting of ZnS phosphor powder and
silicone elastomers (weight ratio: 1/4) into a three-dimensionally
printed, concentric cylinder mold, followed by curing at room
temperature for 12 h and then drawing out of the mold. Subse-
quently, the aligned CNT sheet was scrolled onto the light-emitting
tube at a pre-stretched strain of 200%, which was then released
to the relaxing state. Finally, the pre-prepared inner electrode was
inserted into this modified light-emitting tube to produce the
SCLED. The multicolor SCLEDs were produced in a similar way
by integrating different color light-emitting tubes onto the
same inner electrode.
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