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Abstract: A high-sensitivity mechano-luminescent sensor was fabricated on the
basis of piezoelectric/electroluminescent composites. The working principle of this
mechano-luminescent sensor was elucidated by analyzing the relationship between the
piezoelectric-induced charges and the electroluminescent effects. When a stress is applied
on the piezoelectric layer, electrical charges will be induced at both the top and bottom
sides of the piezoelectric layer. The induced electrical charges will lead to a light output
from the electroluminescent layer, thus producing a mechano-luminescence effect. By
increasing the vibration strength or frequency applied, the mechano-luminescence
output can be obviously enhanced. Mechano-luminescence sensors have potential in
smart stress-to-light devices, such as foot-stress-distribution-diagnosis systems and
dynamic-load-monitors for bridge hanging cables.
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1. Introduction

The mechano-luminescent effect is a light emission induced as a result of some mechanical action
on a solid [1-4]. In 1605, Francis Bacon noted that lumps of sugar emitted light when scraped [5]. The
mechano-luminescent effect can be produced through either destructive means (grinding, rubbing,
scratching, biting, cleaving) or non-destructive means (ultrasound, stress, vibration or through other
means) [6]. Until now, destructive mechano-luminescent effects have been extensively observed in
various inorganic and organic materials [7-11]. However, due to the non-repeatability of destructive
mechano-luminescent response, it is difficult to obtain practical devices based on application of
destructive mechano-luminescent effects [12,13].

Non-destructive mechano-luminescent materials are promising for practical stress sensor
applications [14-16], such as foot-stress-distribution-diagnosis systems, stress-light devices, and
monitoring dynamic load for bridge hanging cables. However, due to the rigorous demands of the
mechano-luminescent effect with regards to crystal structure symmetry, non-destructive
mechano-luminescent materials have only been found in a few limited cases [12,13]. On the other
hand, in most of the stress-luminescent materials reported, the coupling between stress and
luminescence was very weak and occurred only under low-temperature conditions [13,17]. Hence, so
far, no practical application of mechano-luminescent has been realized. Exploration of high
performance non-destructive mechano-luminescent materials is a necessary precondition for designing
mechanical-optical smart sensor devices.

It’s well known that the product effect method can be used to realize a certain property which does
not exist in either of the individual phases. In a biphasic combination material, if one phase possesses a
property A — B (use of an independent variable property A leading to a property B) with a constant
ratio tensor dB/dA = X, and the other phase displays a property B — C with a constant ratio tensor
dC/dB =Y, thus the combination material will exhibit a property A — C which is unavailable in either
of the initial phases. The product effect method can help us to accomplish strong coupling between
two optional physical signals (optical, thermal, electrical, mechanical, and magnetic) by fabricating
suitable composites. A typical example is the giant magnetoelectric effect observed in a
magnetostrictive/piezoelectric composite such as TbyDy;xFe, and (1-x)Pb(Mg;3Nb;/3)O3-xPbTi03
(PMN-PT) [18,19]. An alternating magnetic field can induce a strain in the magnetostrictive phase.
The strain will distort the piezoelectric phase to generate electric charges. Thus a strong coupling
between the magnetic and electrical signals can be realized. On the basis of the product effect
principle, we tried to fabricate a high mechano-luminescent performance composite for smart
mechanical-optical sensor devices by using the product-composite method.

In this article, we report the presence of a high mechano-luminescent effect obtained by using the
product of a piezoelectric effect and an electroluminescent effect. Piezoelectric materials have the
excellent property of converting force (stress) signals into electrical charge (or voltage) signals. Under
an alternating electric field, electroluminescent materials can directly convert electric energy to light.
On the basis of the principle of product effects [18,19], a strong stress-luminescent effect could be
accomplished by fabricating piezoelectric/electroluminescent composites. Such composites with high
mechano-luminescent performance have potential for application in smart and multifunctional devices,
such as artificial skin, smart skin, self-diagnosis systems or stress-distribution imaging systems.
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2. Experimental Section

Figure 1 illustrates the geometry of the mechano-luminescent composite under investigation. Our
composite consists of one piezoelectric PMN-PT crystal layer polarized along the thickness direction
and one electroluminescent layer. The PMN-PT plates, of 12 x 6 x | mm’ dimensions, and with the
<001> and <O011> crystallographic axes oriented along the length and thickness directions,
respectively, were grown in-house using a modified Bridgman technique [20]. It was shown in our
previous work that PMN—PT plates, when grown with these specific crystallographic orientations and
polarized using the <001> axis along the thickness direction, possess an ultrahigh transverse
piezoelectric response with deformations along the length direction when excited electrically along the
thickness direction [21]. After being electroded with silver and polarized along the thickness direction
in silicone oil, the piezoelectric coefficient (d31,) and elastic compliance coefficient (SlEl) of the
PMN-PT plates were measured to be —1,300 pC/N and 126 pm®/ N, respectively, using an
Agilent 4294A impedance analyzer following the IEEE resonance method [22]. The
electroluminescent layer was commercially supplied Surface Mounted Devices (SMD) red light
emitting diodes. The piezoelectric layer was bonded together with an electroluminescent layer using an
insulating epoxy, as is shown in Figure 1. Two electrode layers (conductive Ag glue) were laid down
to maintain a solid electrical connection between the piezoelectric and electroluminescent layers.

Figure 1. The geometry of the mechano-luminescent composite.
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The working principle of this sensor can be described as follows: when we apply a stress to the
piezoelectric layer, electrical charges will be induced at both the top and bottom faces of piezoelectric
layer due to the piezoelectric effect. These induced electrical charges will result in a light output from
the electroluminescent layer due to the electroluminescent effect. A signal coupling between stress and
light is thus accomplished.

The mechano-luminescent effect in the fabricated composites was characterized using an in-house
automated measurement system. In our experiments, we adopted an ultrasonic vibration machine
(Model KQ-100VDE, Kunshan Ultrasonic Equipment Co., Ltd.; frequency 28 kHz, 45 kHz, 100 kHz;
power: 40 ~ 100 W) to apply a mechanical signal. This method has been used in several
references [4,23]. The samples for measurement were put into a glass beaker filled with an electrically
insulating and transparent silicone oil. The glass beaker was put into the ultrasonic vibration source.
The voltage output from the piezoelectric layer was measured using an oscilloscope. The luminescent
output of the samples was measured by Andor’s Mechelle ME5000 spectrograph (wavelength
range 200 ~ 975 nm). The mechano-luminescent output at various vibration strengths and frequencies
was studied systematically.
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3. Results and Discussion

Figure 2 shows the piezoelectric voltage output as a function of ultrasonic vibration power
at 28 kHz, 45 kHz and 100 kHz, respectively. In the measurement range (40 ~ 100 W), the output
voltage Vpp ranged from 3 V to 29.2 V. The high voltage output makes it possible to drive the
electroluminescent layer. As the vibration power or frequency increased, the piezoelectric voltage
output went up correspondingly. The maximum voltage output Vpp ~ 29.2 V occurred at an ultrasonic
vibration power 100 W and a frequency of 100 kHz.

Figure 2. The piezoelectric voltage output as a function of ultrasonic vibration power
at 28 kHz, 45 kHz and 100 kHz, respectively.
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We can estimate the practical force applied on the sample as follows:
Q=dT (M
Q=CU 2

where Q is the electrical charge from piezoelectric phase’s surface. d is the piezoelectric charge
coefficient. 7' is the force applied on the piezoelectric layer. C is the electrical capacitance of
piezoelectric phase. From Equations (1) and (2), we can obtain:

T=CU/d (3)

For the PMN-PT piezoelectric crystal, the parameter C is about 3 nF, and the parameter d is
about 1,500 pC/N. The force applied on the sample is in the range of 2 ~ 30 N, which can be calculated
by substituting the peark voltage value of 2 ~ 15 V from Figure 2 into Equation (3).

The mechano-luminescent light output (red light) can be clearly observed by the naked eye while
vibrating the composite in silicone oil by using ultrasonic waves at room temperature. Figure 3 shows
the stress-luminescent output spectrograph of the composite under different vibration powers. The
wavelength of ~635 nm corresponds to red light. The brightness increased with increasing
piezoelectric vibration power (at 45 kHz). It has been reported that electroluminescent brightness
increases with the increase of applied voltage [24].
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Figure 3. The mechano-luminescent output spectrograph of the composite under different

vibration powers.
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On the basis of empirical and theoretical results, the voltage dependence of the electroluminescent

brightness or emission intensity may be rendered as [25]:
B=a,[" exp(=b, /\V) (4)

where ay and by are constants, which depend on a given temperature, the frequency of the applied
voltage and the size of electroluminescent samples and f is the frequency. The dependence of
electroluminescent brightness on the square root of applied voltage is normally explained on the basis
of an electron acceleration-collision mechanism [26].

Figure 4 shows the mechano-luminescent output spectrograph of the composite under frequencies
of 28 kHz, 45 kHz and 100 kHz, respectively (at 100 W vibration power). With the increase of
frequency, the electroluminescent brightness obviously went up as well. The frequency response of
electroluminescent materials can be accounted for on the basis of Equation (1). It should be noted that
the wavelength peaks shift from 637 nm to 634 nm with the frequency going up from 28 kHz
to 100 kHz, i.e., a small "blue-shift” occurs as the frequency rises. This sis due to the energy levels’
emission (red emitters), which becomes higher with higher frequency alternating vibration [27,28].

On basis of the structure of this composite, piezoelectric and electroluminescent effect also exist in
this stress-light laminate. Thus the mechano-luminescent composite can also be used as a self-powered
electroluminescent or photoluminescent sensor. Due to the fact that piezoelectric materials and ac
electroluminescent materials only respond to dynamic signals, the applied mechanical signals on the
novel sensors must be continuous and non-destructive in practical application. What’s more, the
amplitude of the applied stress should be moderate (~N to ~kN). Too strong a stress might damage the
mechano-luminescent sensors. Converting weak mechanical stress to luminescence efficiently is still a
question. We hope to further enhance the sensitivity of mechano-luminescent sensors by adopting better
piezoelectric and electroluminescent materials, strengthening the interface coupling between the two
phases and optimizing the working circumstances such as temperature and humidity.

The mechano-luminescent effect in this composite can directly convert mechanical signals into light.
It is helpful to measure the distribution of mechanical stress over an area. The mechano-luminescent
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composites have the potential for application in smart sensor devices, such as foot-stress-distribution-
diagnosis systems, stress-distribution imaging systems, artificial skin, self-diagnosis systems, dynamic-
load-monitor for bridge hanging cables and other stress-light devices.

Figure 4. The mechano-luminescent output spectrograph of the composite under
frequencies of 28 kHz, 45 kHz and 100 kHz, respectively.
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4. Conclusions

In summary, a giant stress-luminescent effect was generated by fabricating a piezoelectric/
electroluminescent composite. Red-light emission was visible to the naked eye, when a stress
of 2 ~ 15 N was applied on this composite. Increasing the vibration’s strength or frequency can
obviously enhance the mechano-luminescent output. A small “blue-shift” occurs as the frequency rises
due to the high energy levels’ emission at high vibration frequencies. These strong
mechano-luminescent materials are promising for applications such as novel stress sensors and
displays to visualize stress distributions.

Acknowledgements

This work was supported by the National Nature Science Foundation of China. (51002141,
51075371, 50871104, 11079029), Jinhua Science and Technology Bureau, Zhejiang Province, China
(2010-1-051) and Zhejiang Provincial Xinmiao Project (2010R404024).

References

1. Vij, D.R. Luminescence of Solids; Plenum Press: New York, NY, USA, 1998; pp. 361-389.

2.  Walton, A.J. Triboluminescence. Adv. Phys. 1977, 26, 887-948.

3.  Zink, J.I. Triboluminescence. Acc. Chem. Res. 1978, 11, 289-295.

4. Eddingsaas, N.C.; Suslick, K.S. Mechanoluminescence: Light from sonication of crystal slurries.
Nature 2006, 444, 163.

5. Kitchin, G.W. The Advancement of Learning/Francis Bacon; Dent: London, UK, 1915.



Sensors 2011, 11 3968

10.

1.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Xu, C.-N.; Yamada, H.; Wang, X. Development of strong elasticoluminescence from ferroelectric
phase. In Proceedings of IEEE International Ultrasonics, Ferroelectrics, and Frequency Control
Joint 50th Anniversary Conference, Montreal, Canada, 23—27 August 2004; pp. 914-917.
Enomoto, Y.; Hashimoto, H. Emission of charged particles from indentation fracture of rocks.
Nature 1990, 346, 641-643.

Zink, J.I.; Beese, W.; Schindler, J.W.; Smiel, A.T. Triboluminescence of silica core optical fibers.
Appl. Phys. Lett. 1982, 40, 110-112.

Abramva, K.B.; Shcherbakov, I.P.; Rusakov, A.l.; Semenov, A.A. Emission process
accompanying deformation and fracture of metals. Phys. Solid State 1999, 41, 761-762.

Chapman, G.N.; Walton, A.T. Triboluminescence of glasses and quartz. J. Appl. Phys. 1983, 54,
5961-5965.

Kawaguchi, Y. Time-resolved fractoluminescence spectra of silica glass in a vacuum and nitrogen
atmosphere. Phys. Rev. B 1995, 52, 9224-9228.

Reynolds, G.T. Piezoluminescence from a ferroelectric polymer and quartz. J. Lumin. 1997, 735,
295-299.

Atari, N.A. Piezoluminescence phenomenon. Phys. Lett. A 1982, 90, 93-96.

Xu, C.-N.; Watanabe, T.; Akiyama, M.; Zheng, X.G. Artificial skin to sense mechanical stress by
visible light emission. Appl. Phys. Lett. 1999, 74, 1236-1238.

Matsui, H.; Xu, C.-N.; Tateyama, H. Stress-stimulated luminescence from ZnAl,O4:Mn. Appl.
Phys. Lett. 2001, 78, 1068-1070.

Liun,Y.; Xu, C.-N. Electroluminescent ceramics excited by low electrical field. Appl. Phys. Lett.
2004, 84, 5016-5018.

Harvey, E.N. A History of Luminescence: From the Earliest Times until 1900; Dover Phoenix
Editions, Dover Publications: Mineola, NY, USA, 2005.

Jia, Y.M.; Luo, H.S.; Zhao, X.Y.; Wang, F.F. Giant magnetoelectric response from the
combination of piezoelectric/magnetostrictive laminated composite with a piezoelectric
transformer. Adv. Mater. 2008, 20, 4776-4779

Jia, Y.M.; Or, S.W.; Wang, J.; Chan, H.L.W.; Zhao, X.Y.; Luo, H.S. High magnetoelectric effect
in laminated composites of giant magnetostrictive alloy and lead-free piezoelectric ceramic. J.
Appl. Phys. 2007, 101, 104103:1-104103:3.

Luo, H.S.; Xu, G.S.; Xu, H.Q.; Wang, P.C.; Yin, Z.W. Compositional homogeneity and electrical
properties of lead magnesium niobate titanate single crystals grown by a modified Bridgman
technique. Jpn. J. Appl. Phys. 2000, 39, 5581-5585.

Peng, J.; Luo, H.S.; Lin, D.; Xu, H.Q.; He, T.H.; Jin, W.Q. Orientation dependence of transverse
piezoelectric properties of 0.70Pb-Mg;3Nb,303-0.30PbTiOs single crystals. Appl. Phys. Lett.
2004, 85, 6221-6223.

IEEE Standard on Piezoelectricity; ANSI/IEEE Standards Association: Piscataway, NJ, USA,
1978; pp. 176-1978.

Hong, K.S.; Xu, H.; Konishi, H.; Li, X. Direct water splitting through vibrating piezoelectric
microfibers in water. J. Phys. Chem. Lett. 2010, 1, 997-1002.

Thornton, W.A. Immersion plating of the platinum group metals. J. Electrochem. Soc. 1961, 108,
632-635.



Sensors 2011, 11 3969

25.

26.

27.

28.

Ballentyne, D.W.G.; Ray, B. Electroluminescence in ZnS (Cu) phosphors prepared by the iodine
transport method. Brit. J. Appl. Phys. 1963, 14, 157.

Chouksey, P.; Chanda, B.P.; Ramrakhiani, M. Electroluminescence of CdS nanoparticles-polyvinyl
carbazole composites. Indian J. Eng. Mater. Sci. 2009, 16, 157-160.

Ibanez, J.; Garcia, E.; Gil, L.; Mollar, M.; Mar, B. Frequency-dependent light emission and
extinction of electroluminescent ZnS:Cu phosphor. Displays 2007, 28, 112-117.

Stanley, J.; Jiang, Y.; Bridges, F.; Carter, S.A.; Ruhlen, L. Degradation and rejuvenation studies
of AC electroluminescent ZnS:CuCl phosphors. J. Phys. Condens. Matter 2010, 22,
055301:1-055301:15.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



