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Abstract: Bidirectional two-colored mechanoluminescent light emission
has been demonstrated by unifying two polydimethylsiloxane elastomer
layers functionalized with zinc sulfide doped with Cu (ZnS:Cu) or Cu and
Mn (ZnS:Cu,Mn). The bilayered composite films are simply fabricated by
dispensing uncured ZnS:Cu,Mn + PDMS onto previously spin-coated and
hardened ZnS:Cu + PDMS film. The robust PDMS-PDMS bonding yields a
film which can simultaneously emit light with color coordinates of (0.25,
0.56) and (0.50, 0.48), similar to the intrinsic colors of ZnS:Cu and
ZnS:Cu,Mn, respectively. Composite films can emit light in upper and
lower directions without fracture when it is stretched.
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1. Introduction

Since mechanoluminescence was discovered by Francis Bacon, a variety of
mechanoluminescent materials have been developed [1-19]. However, many previous
instances of mechanoluminescent materials have suffered from weak and unrepeatable
behavior due to the destructive nature of the process. To overcome these shortcomings,
elastico-mechanoluminescent materials have been developed, which generate the
luminescence during deformation of solids without fracture or tribo-reactions [10—16]. So far,
many researches have been studied these phenomenon for stress sensors to visualize fractures
(or crack propagation) and stress distributions [15-19]. Up to now, the brightness and the
durability for sensing application have been improved, however, more increased light
emission and repeatability has been required for increasing applicability in industrial use as
an efficient mechanoluminescence display.

Recently, we proposed alternative approach for highly bright and durable
mechanoluminescent composite films by focusing on the substance (polydimethylsiloxane,
PDMS) that transfers the mechanical stress to the mechanoluminescent materials embedded
inside [20]. We also demonstrated that by applying mechanical stress, a colourful patterned
imaging device and white lighting source can be produced [21]. However, previously reported
results are based on a unidirectional color observed from a single sample. Simultaneous
bidirectional emission of independent mechanoluminescent colors from a single sample has
not been achieved. If bidirectional emission can be realized, it would be useful for
bidirectional mechanoluminescence display which show different images at both sides. Here,
we demonstrate bidirectional, two-colored light emission from a single composite film
consisting of zinc sulfide doped with Cu (ZnS:Cu) or Cu and Mn (ZnS:Cu,Mn) dispersed in a
PDMS matrix. The emissions in opposite directions show clear color difference (green and
orange) similar to the intrinsic wavelength according to energy levels of ZnS microparticles.
This film demonstrates minimized light interference when it is stretched, which is very useful
to display clear color differences in emitted light.
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In order to make a unified sample emitting two different colors of light, bonding between
ZnS:Cu + PDMS and ZnS:Cu,Mn + PDMS is one important factor. Bonding can be achieved
by PDMS-PDMS interface bonding because mechanoluminescent particles are simply
dispersed in the PDMS matrix. For homogenous bonding, a number of PDMS-PDMS
interface bonding strategies have been reported. In order to increase the bond strength by
activating cross-linked PDMS layers, various surface treatments have been studied such as
plasma treatment [22-24], corona discharge [25-27] and UV/ozone treatment [28—30].
Partially cured or uncured PDMS has also been shown to be an effective, inexpensive method
for creating homogeneous PDMS-PDMS assemblies [31,32]. Particularly, uncured PDMS
adhesive provides a maximum bonding strength of approximately 671 kPa, followed by
partial curing and oxygen plasma activation [32]. Here, we employed the uncured PDMS
method to make robust PDMS-PDMS bonds in bilayered composite films.

2. Basic concept and Fabrication process

A schematic illustration of our approach is depicted in Fig. 1(a). By stretching bilayered
composite films, two colors of mechanoluminescent light are emitted simultaneously in
opposite directions, namely green and orange colored light in the upper and lower directions,
respectively.

To fabricate the bilayer composite films, two layers consisting of ZnS:Cu + PDMS and
ZnS:Cu,Mn + PDMS were bonded by coating previously hardened ZnS:Cu + PDMS film
with uncured ZnS:Cu,Mn + PDMS. Figure 1(b) is a schematic illustration of the fabrication
process of bilayer composite films. For the solutions, each type of mechanoluminescent
particulate material (ZnS:Cu (GGS42) and ZnS:Cu,Mn (GGS12), purchased from Osram
Sylvania Inc.) was added to PDMS (Wacker ELASTOSIL RT601) with the curing agent at a
weight ratio of 9:1. The weight ratio of mechanoluminescent material and PDMS was
maintained at 7:3. To control the thickness of the ZnS:Cu + PDMS layer, a solution
consisting of ZnS:Cu particles mixed in uncured PDMS was dispensed onto a glass substrate
and then spin-coated. After curing at 70 °C for 30 min, another solution (ZnS:Cu,Mn +
uncured PDMS) was uniformly dispensed onto the cured ZnS:Cu + PDMS film. Note that the
weight of the second solution is maintained during each fabrication process to sustain the
thickness of ZnS:Cu,Mn + PDMS layer. After curing under the same conditions, the bilayered
composite film is delaminated from the glass substrate for optical characterization during
stretching.

3. Results and discussion

To confirm the adhered state of the two layers, cross-sectional optical microscopy (OM) and
scanning electron microscopy (SEM) images were observed as shown in Figs. 1(c) and 1(d).
The OM image from a UV-excited composite film shows the distinct features of two
composite layers, each with a thickness of ~680 um. However, the difference is ambiguous in
the SEM image because both ZnS:Cu and ZnS:Cu,Mn particles have similar sizes (~25 um).
It must be noted that the interface between two composite layers was not observed, despite
the fact that the curing of each layer is not performed simultaneously. Each composite
appears as a continuous sample with a thickness of ~1,360 um. This means that the two
composite layers adhered well to each other and will avoid fracture when stretched.
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Fig. 1. (a) Schematic illustration of the approach used in this study and (b) fabrication process
for bilayer composite films. (c) Cross-sectional OM and (d) SEM images observed from a
bilayer composite film with total thickness of ~1,360 pm. Pores are observed due to bubble
formation during fabrication. Note that OM image was captured from a 365-nm UV-irradiated
sample to clearly show different photoluminescent features.

For characterization of mechanoluminescence of the composite films, we applied periodic
stress using a stretching-releasing (S-R) system as shown in Fig. 2(a). The
mechanoluminescent light was observed twice in each cycle, when the composite film was
first stretched and then released ( = 1 cycle). Note that we used the same S-R system as
reported in ref. 20, however, unstretched sample length (see photograph in (a)) and S-R rate
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were selected as 3 cm and 300 cycles per minute (cpm), respectively (previous condition: 3.5
cm, 200 cpm™). The purpose of these revised conditions is to detect spectra even in the thin
composite layer by increasing the emission intensity. To detect mechanoluminescent spectra
from composite films during S-R cycles, a spectroradiometer (PR-655, Photo Research Inc.)
with a resolution of 4 nm was suspended above the light-generating films. The detection spot
size was 5.25 mm in diameter (MS-75 lens).
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Fig. 2. Photographs of the (a) S-R system and (b) light-emitting features in the upper (upper
images) and lower (lower images) directions with various ZnS:Cu + PDMS thicknesses (46
pm, 70 pm, 142 pm, 284 pm, 680 pm) during S-R motions. Note that the thickness of
ZnS:Cu,Mn + PDMS is sustained at ~680 um.. Note that the top and bottom images shown in
(b) were not taken simultaneously, because the camera was located above the composite films.
In the bottom-emitting ZnS:Cu,Mn + PDMS images (lower images of (b)), photographs were
taken by the same configuration after reversing the sample direction. (¢) The CIE coordinate
(x, y) values obtained from top- and bottom-emitting mechanoluminescence under various
ZnS:Cu + PDMS thicknesses. Inset shows magnified plot of CIE coordinates of bottom-
emitting light.

In order to verify the color characteristics, we took photographs of emitting
mechanoluminescent composite films and measured color coordinates (Commission
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Internationale de L’Eclairage, CIE), respectively. Figure 2(b) shows photographs of the top
(ZnS:Cu + PDMS) and bottom (ZnS:Cu,Mn + PDMS) of mechanoluminescent composite
films with various thicknesses of ZnS:Cu + PDMS composite layers under a constant stress
rate applied by an S-R system operating at 300 cpm. It should be noted that the images
showing the top of the film emitting light have a larger color variation, as the thickness of the
ZnS:Cu + PDMS composite layer increases, whereas the color variation in the bottom layer is
small. To observe the color variation more quantatively, we also examined the color
coordinates representing the colors of the top- and bottom-emitting light with various ZnS:Cu
+ PDMS composite layers, as shown in Fig. 2(c). For reference, the CIE coordinates of
mechanoluminescent light from single layered ZnS:Cu + PDMS and ZnS:Cu,Mn + PDMS
with the thickness of ~700 um were also shown. We have clearly demonstrated that the color
of the top-emitting layer becomes greener (closer to ZnS:Cu) and less orange (closer to
ZnS:Cu,Mn) as the thickness of ZnS:Cu + PDMS layer increases, whereas the bottom-
emitting layers do not show large color variation, coinciding with photographs in Fig. 2(b).
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Fig. 3. Optical characteristics. (a) Normalized top-emitting mechanoluminescence spectra with
reference to a wavelength of 587 nm and magnified plot (inset). (b) Normalized spectra from
single ZnS:Cu + PDMS and ZnS:Cu,Mn + PDMS composite films. (c) Intensity profiles of the
two selected wavelengths (517 nm and 650 nm) from top- and bottom-emitting spectra. (d)
Normalized bottom-emitting mechanoluminescence spectra with reference to a wavelength of
587 nm and magnified plot (inset).

This color change can be explained by two factors simultaneously generated by stretching.
namely (1) increased green light extraction, and (2) decreased orange light emission by
increasing the ZnS:Cu + PDMS layer thickeness. To explain these two factors using the
relative intensities between two emissions, the top-emitting normalized mechanoluminescent
spectra with various thicknesses of ZnS:Cu + PDMS composite layers were measured as
shown in Fig. 3(a). Figure 3(b) shows two normalized mechanoluminescent spectra obtained
from single layer of ZnS:Cu + PDMS and ZnS:Cu,Mn + PDMS composite films with the
thickness of ~700 pm. The highest intensities in each spectrum are denoted as the wavelength
of 517 nm and 587 nm at green and orange emission spectra, respectively. Because the
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emission spectra of bilayer composite films consist of two emission spectra, color can be
changed by the combination of the two spectra. It should be noted that the green emission
intensity increases whereas the orange emission intensity decreases with increasing ZnS:Cu +
PDMS layer thickness (Fig. 3(a)). It can be explained that the increased green light extraction
is induced by the thicker emitting light source. This is supported by Fig. 3(c), showing the
change in intensity profiles with the increase of ZnS:Cu + PDMS composite layer thickness.
Note that we selected 650 nm as a reference for orange emission because the highest emission
intensity (587 nm) involved part of green emission (Fig. 2(b)), which lead to confusion in
judging a correct spectra. The intensity at 517 nm (top-emitting, closed square) increases
linearly from the initial stage and becomes saturated. Whereas the emission intensity at 517
nm increases with the thickness of the ZnS:Cu + PDMS layer, emission intenisity at 650 nm
(top-emitting, closed circle) decreases because the orange-colored light from the ZnS:Cu +
PDMS layer diminishes by scattering in the thicker ZnS:Cu + PDMS layer. This result means
that the orange-colored light from the ZnS:Cu,Mn + PDMS composite layer influences the
color of the top-emitting light by transmitting through the upper ZnS:Cu + PDMS layer.
Because ZnS:Cu particles with an average size of ~25 pum are randomly dispersed in the
PDMS matrix, the amount of scattered orange light increases, which results in the decreased
emission in the upper direction. Hence, the color shift of the top-emitting
mechanoluminescence from (0.46, 0.48) to (0.25, 0.56) can be explained by the increase of
green emission as the thickness of ZnS:Cu + PDMS layer increases (Fig. 2(c)).

On the other hand, the color variation from bottom-emitting light is relatively small
compared with that of top-emitting light (lower images of Fig. 2(b)). The changes in CIE
coordinates also reflect this (inset of Fig. 2(c)). Considering the previous explanation, the
small color variation can be explained that most green emission diminishes by scattering in
the relatively thick ZnS:Cu,Mn + PDMS layer (~680 pm). Due to its similiar thickness, the
intenisty profile at 650 nm (bottom-emitting, open circle) shows similiar values, regardless of
the ZnS:Cu layer thickness (Fig. 3(c)). Figure 3(d) shows bottom-emitting, normalized
mechanoluminescent spectra with various thicknesses of ZnS:Cu + PDMS composite layers.
The green intensities (517 nm, bottom-emitting, open square in Fig. 3c) are small, however,
slightly increase with increasing ZnS:Cu + PDMS layer thickness, coinciding with small
changes in CIE coordinates.
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Fig. 4. Photograph of simultaneous and bidirectional two-colored light emission from a bilayer
composite film during S-R motions (300 cpm).

To visually show the bidirectional two colored light from bilayer composite film with
ZnS:Cu + PDMS layer thickness of ~680 um during S-R motions, we took a photograph as
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shown in Fig. 4. A mirror is located under the composite film to show the orange and green
colored light images simultaneously. Note that colors from top- and bottom emitting light in
Fig. 4 are reversed compared with previous data because we intended that stronger green
emission is proper for reflected image. The photograph clearly shows different colored light
emissions. The CIE coordinate values are (0.25, 0.56) and (0.50, 0.48) for green and orange
colored light, respectively, and the spectra data have been shown in Fig. 3. The colors are
similiar to the original colors of ZnS:Cu and ZnS:Cu,Mn indicating minimized interference.

4. Summary

In summary, bidirectional, two-colored mechanoluminescent light emission with similiar CIE
coordinates as pure ZnS:Cu and ZnS:Cu,Mn has been demonstrated by unifying two
composite layers consisting of ZnS:Cu + PDMS and ZnS:Cu,Mn + PDMS. The bilayer
composite films are simply fabricated by spin-coating uncured ZnS:Cu,Mn + PDMS onto
previously hardened ZnS:Cu + PDMS films. The robust PDMS-PDMS bonding allows these
composites to emit light in the upper and lower directions without fracture during stretching
and releasing cycles. We expect that our light-emitting films could be applied in various
industrial fields.
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