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 The phenomenon of electroluminescence (EL) has attracted an 
ever-increasing demand for applications throughout the illumi-
nation and display industries. [  1–5  ]  In EL devices, light genera-
tion in light-emitting diodes (LEDs) is mostly investigated for 
fl at-panel display and light sources due to their high brightness, 
long lives, and low power consumption. [  6–9  ]  It is well-known 
that the LED is essentially a p–n junction diode typically made 
from a semiconductor. The light emission is generated by the 
direct injection and subsequent recombination of electron–hole 
pairs in the forward-biased p–n junction. [  10  ]  The phenomenon 
of light emission from electron–hole pair recombination as a 
result of minority carrier injection is regarded as injection EL. It 
is somewhat surprising that very limited work on exploiting EL 
devices beyond the p–n junction structure has been reported in 
recent decades. In order to search for more EL device types, an 
important question in this area – both scientifi cally and techno-
logically – is how to tailor the material properties and therefore 
construct a new device structure. Particularly, it would be very 
attractive if the light source could generate an additional signal, 
offering a novel multi-modal functional source. 

 An emerging fi eld – so-called piezo-phototronics – recently 
proposed by Wang is of particular interest. [  11  ]  Piezo-pho-
totronics derive from the term “piezotronics”, which means 
utilizing strain-induced piezoelectric potential to tune and 
gate the charge transport behavior for fabricating new func-
tional devices. [  12  ,  13  ]  Furthermore, the piezoelectric potential 
utilized in optoelectronic devices results in piezo-phototronics. 
The functionalities of piezotronic and piezo-photronic devices 
– ranging from nanogenerators [  14–16  ]  and fi eld-effect transis-
tors [  17  ,  18  ]  to photosensors [  19  ]  and piezoelectric diodes [  20  ,  21  ]  – are 
ultimately based on the intricate coupling of piezoelectric, 
semiconducting, and photonic characteristics. Previous works 
on piezo-phototronics are limited to one-dimensional (1D) 
nanostructure. Hence, it is much needed to know whether this 
new concept is applicable to other device confi gurations. Here, 
we report the fabrication and characteristics of strain-induced 
piezoelectric potential stimulated luminescence from ZnS:Mn 
fi lm grown on piezoelectric Pb(Mg 1/3 Nb 2/3 )O 3 – x PbTiO 3  
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(PMN–PT) substrate. Compared with 1D nanostructures, the 
utilization of a thin-fi lm structure would be benefi cial in terms 
of increasing device reproducibility and reducing the fabrica-
tion cost, because of the mature thin-fi lm fabrication technolo-
gies available. Additionally, a thin-fi lm structure facilitates the 
integration and patterning of devices. More importantly, the 
simultaneous generation of light and ultrasound waves using 
a single system is demonstrated for the fi rst time in this work. 
We can tune the luminescence and ultrasound signal of the 
ZnS:Mn fi lms via a converse piezoelectric effect in PMN–PT 
upon the application of either an ac or a dc electric-fi eld. Such 
a multifunctional source may fi nd applications in a variety of 
systems. For instance, a variety of techniques such as high-
frequency ultrasound imaging and fl uorescence spectroscopy 
have been widely used for medical diagnosis. However, each 
of these techniques has intrinsic advantages and defi ciencies. 
There is a trend to develop a combined approach capable of 
evaluating structural characteristics as well as biochemical 
properties, which may provide higher predictive and comple-
mentary information compared to a single approach, either by 
optical or ultrasound methods. [  22  ]  Therefore, the integration of 
novel dual-modal source combining light-emission and ultra-
sound generation on a single wafer here with detecting system 
will be very helpful in developing a hybrid system for tissue 
diagnosis. 

 The basic strategy for the fabrication of an integrated source 
combining luminescent and ultrasonic characteristics is shown 
in  Figure    1  . ZnS:Mn selected here is a commonly used phos-
phor layer in alternating current thin-fi lm electroluminescent 
(ACTFEL) devices. [  23  ,  24  ]  The wurtzite-type Mn 2 +   doped ZnS can 
also possess a non-central symmetric structure and inherently 
exhibit piezoelectric characteristics. The piezoelectric potential 
has been proven to be capable of modifying the band struc-
ture signifi cantly in the presence of strain. [  11–21  ]  Analogously, 
a piezoelectric potential can be induced by the strain from a 
PMN–PT substrate, as shown in Figure  1 , which is regarded 
as the fuse to trigger the luminescent center Mn 2 +  . A commer-
cial ferroelectric (001)-oriented PMN–PT single-crystal (Hefei 
Kejing Material Technology Co., Ltd.) was chosen as substrate 
due to its outstanding ferroelectric polarization and converse 
piezoelectric effects. [  25  ]  PMN–PT single crystals have been 
extensively used to the strain-related characteristics of various 
samples. [  26  ,  27  ]  PMN–PT single-crystals feature large piezoelectric 
coeffi cients and extraordinary high electromechanical coupling 
factors, these merits translate into high performance of ultra-
sound transducers fabricated with PMN–PT single crystals. [  28  ]   

 The ZnS:Mn thin fi lm was grown on PMN–PT by pulsed laser 
deposition. The x-ray diffraction (XRD) pattern of the ZnS:Mn 
mbH & Co. KGaA, Weinheim 1729wileyonlinelibrary.com
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     Figure  2 .     Structural characterization of the ZnS:Mn fi lm grown on (001)-or
b) Low magnitude brightfi eld image. c) High-resolution TEM image for the i

     Figure  1 .     The setup used for measuring the luminescent and ultrasonic 
characteristics of ZnS:Mn fi lm grown on PMN–PT substrate under an ac 
electric- fi eld.  
fi lm on PMN–PT substrate is shown in  Figure    2  a. Only (00 l ) 
diffraction peaks were observed in a wide-angle range from 20 °  
to 70 ° , indicating the fi lm to have a good  c -axis preferred orien-
tation. The lattice constant  c  is measured to be 6.492 Å, which 
is larger than that in bulk ZnS,  c   =  6.257 Å, JCPDS#36-1450 
(Joint Committee on Powder Diffraction Standards). The lattice 
expansion in the fi lm may result from the existence of sulfur 
vacancies in the samples. To further investigate the microstruc-
ture of the ZnS:Mn fi lms on PMN–PT (001), cross-sectional 
transmission electron microscopy (TEM) studies have been car-
ried out on the interface of the sample. Figure  2 b is a low-mag-
nifi cation, brightfi eld TEM image of the sample. A transparent 
electrode of indium tin oxide (ITO) was deposited on top, and 
light emission can pass through the ITO layer. The thicknesses 
of ITO electrode and ZnS:Mn fi lm are about 300 and 600 nm, 
respectively. The ZnS:Mn fi lm has a smooth surface, uniform 
thickness, and clearly defi ned interface with the (001) PMN–PT 
substrate. The crystallographically textured fi lm is in the form 
of columnar crystallites, with their long axes perpendicular to 
the substrate. Figure  2 c shows a high-resolution TEM image 
for the ZnS:Mn/PMN–PT interface of the sample. It is clearly 
seen that there are some dislocations formed at the interface, 
and a nanograin of ZnS:Mn formed in the fi lm, confi rming the 
textured crystallization of the fi lm on (001) PMN–PT substrate. 
bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1729–1735

iented PMN–PT single-crystal substrate. a) X-ray diffraction   θ  –2  θ   scans. 
nterface structures. d) SAED pattern.  
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A selected area electron diffraction (SAED) pattern taken from 
both the ZnS:Mn fi lm and PMN–PT substrate along the [010] 
direction of the ZnS:Mn fi lm is shown in Figure  2 d. The lattice 
constant  c  of ZnS:Mn measured from SAED is about 6.37 Å, 
which is close to the result from XRD. The broaden electron 
diffraction spots with satellites from ZnS:Mn fi lm indicate the 
fi lm has a highly preferred orientation and ZnS:Mn has a wur-
tzite (hexagonal) structure.  

 We applied a positive poling voltage of  + 500 V across the 
ZnS:Mn/PMN–PT structure to make the PMN–PT substrate 
positively polarized.  Figure    3  a shows the normalized light 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1729–1735

     Figure  3 .     a) The luminescence spectra for structures with PMN–PT and S
as red dashes and brown dots, respectively. A photoluminescence of the s
b) Square electric voltage applied to the ZnS:Mn/PMN–PT structure (top), 
the square electric-voltage is applied (bottom). c) The luminescence respon
a function of voltage at 500 Hz. e) Light emission photographs of ZnS:Mn fi
peak-to-peak voltages of 50, 100, and 200 V (left to right, respectively), unde
emission spectra of ZnS:Mn fi lm by electric-fi eld operating at 
500 Hz and 200 V pp . The device functions in stable and repro-
ductive way, meaning that no obvious degradation or ZnS:Mn 
phosphors breakdown were found in the device during the 
initial process. For comparison, photoluminescence (PL) from 
the ZnS:Mn fi lm is also presented in Figure  3 a. The dominant 
peak is found at approximately 588 nm in the electric-fi eld 
induced emission spectrum of ZnS:Mn, which is similar to the 
PL spectrum of ZnS:Mn. This indicates that the electric-fi eld 
induced luminescence also results from the  4 T 1   →   6 A 1  tran-
sition of Mn 2 +  . We have investigated the mechanism of the 
1731wileyonlinelibrary.combH & Co. KGaA, Weinheim

TO insulating substrate operating at 200 V pp  and 500 Hz are presented 
ample excited by 320 nm is also demonstrated by the long blue dashes. 
and the luminescence at a wavelength 586 nm as a function of time while 
se as a function of frequency at 200 V pp . d) The luminescence response as 
 lm (1 mm  ×  1 mm pixel) fabricated on PMN–PT substrate operating with 
r the same applied frequency of 500 Hz.  
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 luminescence in ZnS:Mn fi lm on PMN–PT substrate. We take 

advantage of large converse piezoelectric effect in PMN–PT and 
realize in situ lattice strain on the grown ZnS:Mn fi lm. The 
PMN–PT substrate was positively polarized prior to the meas-
urements of the luminescent properties of the ZnS:Mn fi lm. 
When an ac electric fi eld less than the coercive fi eld is applied 
to the polarized PMN–PT substrate, the lattice of the PMN–PT 
substrate will expand or contract along the direction of the elec-
tric fi eld. Our previous studies have shown that the lattice of 
the PMN–PT substrate can expand and contract along the  c  axis 
at the same frequency as that of applied electric fi eld. [  26  ,  29  ]  The 
electric fi eld-induced lattice displacements originate from the 
converse piezoelectric effect of the PMN–PT substrate. Such a 
modulation in the lattice parameter  c  will cause changes in the 
in-plane lattice parameters  a  and  b  as a result of the Poisson 
effect, [  30  ]  which can subsequently impose in-plane strains in the 
ZnS:Mn fi lm. XRD and TEM results indicate that the ZnS:Mn 
fi lm is of good quality and fi rmly adheres to the underlying 
substrate. ZnS:Mn of wurtzite structure possesses a non-cen-
tral symmetric structure. Hence, the substrate-imposed strain 
can give rise to a piezoelectric potential. Previous research [  11–21  ]  
has shown that the inner potential in semiconducting materials 
can modify the band structure for a p–n junction, and conse-
quently infl uence the light emission performance. However, 
the structure of the p–n junction is not applicable to ZnS:Mn/
PMN–PT samples, as the PMN–PT single crystal is an insulator 
with high resistance and permittivity. The inner-crystal poten-
tial can trigger the creation of an electron–hole pair, exciting an 
electron to escape from the valence band and reach the conduc-
tion band. Two excitation mechanisms for the Mn 2 +   are pos-
sible based on our observations. In some literature, [  31  ]  Mn 2 +   
ions were observed to be more likely hole attractive. Hence, the 
Mn 2 +   may fi rst trap a hole and subsequently recombine with 
the electron in the conduction band, resulting in Mn 2 +   in an 
excited state. While the Mn 2 +   returns from the excited state to 
ground state, an orange light is emitted [  32  ]  

 Mn2+ + h+ (VB)→Mn3+
  

  Mn3+ + e− →(Mn2+ )∗  

 (Mn2+ )∗ Mn2+ + hv→   

Alternatively, the electrons of the conduction band can 
directly couple with the hole to form an exciton. The exciton is 
then bound to Mn 2 +  . Subsequent recombination of the exciton 
promotes the Mn 2 +   to the excited state and is followed by the 
light emission. It is evidentht that the strain-induced piezoelec-
tric potential plays a crucial role in the observed luminescence 
of ZnS:Mn. Luminescence based on the piezo-phototronic effect 
and conventional ACTFEL suffer some similar physical proc-
esses, such as the impact excitation of the luminescent center 
and the de-excitation of the excited luminescent dopant ions. 
The essential difference between the two types of luminescence 
is the trigger fuse for these two physical phenomena. Conven-
tional ACTFEL is generated from electrons across the interface 
between the phosphor and insulator layer. The electrons are 
accelerated by an external electric-fi eld and excite the lumi-
nescent center or host lattice. However, in our experiment, the 
piezoelectric potential originates from the substrate-imposed 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
strain on the piezoelectric host, which de-traps the electron in 
the valence band, and goes with the following processes. To 
confi rm the hypothesis, a non-piezoelectric insulator stron-
tium titanate (STO) was substituted for PMN–PT as the sub-
strate sandwiched between ZnS:Mn and the bottom Au elec-
trode. It was found that no obvious luminescence was observed 
from this sample (Figure  3 a), as expected. This indicates that 
our observed luminescence indeed originates from the piezo-
electric potential stimuli, differing from conventional ACTFEL. 
Some researchers have reported that ceramics or nanoparticles 
can emit luminescence under mechanical stress, friction, and 
strike. [  33  ,  34  ]  This macroscopic mechanical stimulus-induced 
luminescence is termed mechanoluminescence. Apparently, 
it is relatively diffi cult to control the generation of strain from 
mechanical stress, friction, and strike. However, the utilization 
of piezoelectric PMN–PT substrate in this work provides an 
effective and precise approach to control over a range of strain 
state of the thin-fi lms and therefore can realize strain-mediated 
luminescence. Furthermore, the electric-fi eld-controllable lumi-
nescence from the ZnS:Mn/PMN–PT thin-fi lm confi guration 
has the potential for the development of integrated devices. It is 
known that the external quantum effi ciency of the luminescent 
device is determined by not only internal quantum effi ciency, 
but also light output coupling effi ciency related to total internal 
refl ection and the waveguiding effect of high-index material. 
Thus, it is much needed to optimize the design and fabrication 
of the device, and therefore improve the device’s quantum effi -
ciency, in the future. 

 Figure  3 b shows the transient luminescence of the thin-
fi lm sample stimulated under a square electric voltage. The 
observation confi rms that the strain-induced luminescence is 
essentially a dynamic process when a time-varying voltage is 
applied. Pulsed emissions were observed in response to the 
transient voltages. It is suggested that the emission intensity 
of luminescence depends on the rate of strain change induced 
by the applied voltage and that the largest luminescence inten-
sity appears when the bias is switching. Similar observations 
have commonly been observed in the studied mechanolumi-
nescence of ZnS:Mn. [  34  ]  Applying positive and negative bias to 
the sample, the lattice of PMN–PT substrate will change in an 
opposite manner, i.e., expanding and contracting along the  c  
axis, [  26  ]  subsequently imposing a different affect on the grown 
ZnS:Mn fi lm. The piezoelectric potential created by strain in 
the ZnS:Mn has a polarity, which may result in the different 
response of luminescence at the rising and falling edges in 
Figure  3 b. Figures  3 c and d show the luminescent intensity as a 
function of applied voltage and frequency. So, we can realize the 
tuning of emission intensity of ZnS:Mn thin-fi lm in situ and in 
real-time by applying an ac electric fi eld across the PMN–PT 
substrate, similar to our recent report regarding electric fi eld-
modulated PL. [  35  ]  The photographs in Figure  3 e illustrate the 
obvious luminescence from a ZnS:Mn fi lm (1 mm  ×  1 mm 
pixel) grown on PMN–PT substrate applied with different 
applied voltages at 500 Hz. An orange light emission can be 
observed by the naked eye. 

 Regardless of the vibration systems, resonance always 
results in a greater amplitude. Resonance is expected to be 
able to produce intense luminescence under relatively low volt-
ages. So, further analysis was performed to characterize the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1729–1735
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     Figure  4 .     Frequency dependence of the luminescence intensity for 
ZnS:Mn fi lm under the applied voltage 10 V pp . Inset shows the lumines-
cence spectra of ZnS:Mn operating at 650 kHz and 10 V pp .  

     Figure  5 .     a) The thickness mode impedance and phase spectra for the 
PMN–PT single-crystal. b) Pulse-echo waveform and frequency spectrum 
for PMN–PT coated with ZnS:Mn fi lm.  
luminescence of ZnS:Mn on PMN–PT under high-frequency 
vibration stimuli.  Figure    4   shows the luminescence as a func-
tion of frequency when sinusoidal voltage is applied on PMN–
PT. The samples were adhered on a glass plate to facilitate 
operation during the luminescence measurement. The inten-
sity of luminescence shows strong dependence on the voltage 
frequency. The inset is the emission spectra of the ZnS:Mn 
fi lm taken under an applied voltage of 10 V pp  at 650 kHz. 
The spectral profi le in terms of curve shape and peak posi-
tion is almost same as the observed luminescence under low-
frequency stimuli. Strong frequency dependent luminescence 
from ZnS:Mn/PMN–PT system indicates that the resonance 
occurs at its nature frequency. When the PMN–PT substrate is 
excited by an applied voltage at its natural resonance frequen-
cies, larger vibration amplitude occurs. Along with the funda-
mental plate mode resonance (around 650 kHz) and the thick-
ness mode resonance (around 5.20 MHz), as well as their har-
monics, there also appeared some minor resonances originated 
from the sample confi guration (Figure  4 ). All these resonances 
of PMN–PT could lead to emission peaks from ZnS:Mn. Based 
on the observation of the frequency-dependent luminescence, 
we suggest that PMN–PT working at a resonant frequency can 
greatly promote emissions. The frequency-dependent results 
further rule out the probability of conventional ACTFEL. In 
contrast to conventional ACTFEL devices, the obtained lumi-
nescent device in this work can operate at high frequency: up 
to MHz.  

 The above results provide an indication that it is possible to 
realize on-chip multi-mode source integrated thin-fi lm phos-
phors with piezoelectric materials after the observation of light 
emission from ZnS:Mn fi lm by an external applied voltage via 
the converse piezoelectric effect. Many imaging technologies – 
including optical imaging and ultrasonic imaging – are capable 
of providing various information on anatomical structure or 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1729–1735
composition. But each imaging modality has its own merits 
and application limitations. Great efforts have been focused on 
the development of multi-modal imaging system. [  22  ,  36  ]  There 
have been reports on dual-modal diagnostic devices combining 
optical and ultrasonic imaging, i.e., a hybrid system combines 
an optical fi ber and an ultrasonic transducer. It would be attrac-
tive if a single source combined with light and ultrasound gen-
eration could be produced and hence integrated with detecting 
system. To validate the feasibility of the novel signal source, 
the ZnS:Mn/PMN–PT structure was poled along the thickness 
direction and the test signal was also applied along same direc-
tion.  Figure    5  a shows the impedance and phase spectra of the 
sample with PMN–PT thickness of 0.5 mm as a function of 
frequency in a frequency range from 0.5 to 30 MHz. It can be 
seen that the plate mode resonance is found at approximately 
750 kHz. The thickness mode resonance frequency ( f  r ) and 
the anti-resonance frequency ( f  a ) can be observed at 5.25 and 
6.05 MHz, respectively. The thickness electromechanical cou-
pling coeffi cient  k  t  can be derived from [  28  ] 

 
k2

t = π

2

fr

fa
tan

(
π

2

fa − fr

fa

)
 
 (1)

   

    k  t  is found to be 0.53. Figure  5 b shows a pulse-echo waveform 
and frequency spectrum of the PMN–PT coated with ZnS:Mn 
fi lm. The center frequency of the structure was found to be 
1733wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 about 5.48 MHz, which falls into the range of ultrasonic fre-

quency for medical diagnostic. The fractional bandwidth at –6 
dB was measured to be around 16.6%. There is plenty room 
to improve the performance by optimizing the fabrication tech-
nology. At any rate, the results are indicative of the dual func-
tions, i.e., light source and ultrasound transducer in the device 
structure of ZnS:Mn thin fi lm grown on PMN–PT. 

 In conclusion, we have demonstrated electric fi eld-controllable 
luminescence of ZnS:Mn grown on piezoelectric PMN–PT sub-
strate, based on a different working principle than conventional 
EL. The light emission of the ZnS:Mn is caused by the piezo-
electric potential, resulting from the converse piezoelectric 
effect of PMN–PT substrate. Such a novel light source coupling 
of piezoelectric and photonic characteristics can be driven by 
high-frequency voltage triggering up to the MHz scale. More-
over, simultaneous generation of light and ultrasound wave is 
observed using a single ZnS:Mn/PMN–PT system, which offers 
great potential in developing a dual-modal source combing light 
and ultrasonic wave for a variety of applications. 

  Experimental Section 
  ZnS : Mn thin fi lms were grown on (001) cut PMN–PT single-crystal 

substrate by pulsed laser deposition with a KrF excimer laser (wavelength 
248 nm). The PMN–PT single-crystal was cut into plates of dimensions 
of 5 mm  ×  3 mm  ×  0.5 mm. The pulse repetition frequency and energy 
density were 5 Hz and 2 J cm  − 2 , respectively. The substrate temperature 
and base pressure of the vacuum chamber were fi xed at 500  ° C and 5  ×  
10  −  3  Pa. After deposition, the ZnS:Mn fi lms were slowly cooled down 
to room temperature. An ITO transparent conductive electrode was 
grown on the top of the fi lm at 200  ° C under a 2.0 Pa oxygen pressure. A 
200 nm thick Au electrode on the back of PMN–PT substrate was coated 
by a sputtering system at room temperature. 

 The XRD measurements were carried out using a four-circle Bruker 
D8 Discover x-ray diffractometer equipped with a four-bounce Ge (220) 
monochromator. TEM and SAED were performed on a JEOL 2010 
electron microscope furnished with energy dispersive x-ray, operating at 
a voltage of 200 kV. 

 The polarization of the PMN–PT substrate was done using a Keithley 
2410 Source-Meter with a high-voltage output. The samples were 
positively polarized in the thickness direction (i.e., the electric dipole 
moments in the PMN–PT substrate point toward the ZnS:Mn fi lm). 
The AC signals applied on the sample were produced using a Keithley 
3390 Arbitrary Waveform/Function generator connected with a voltage 
amplifi er. The dielectric properties were carried out on a precision 
impedance analyzer 4294A (Agilent, USA). A conventional pulsed-echo 
response arrangement was adopted to measure the performance of the 
ZnS:Mn/PMN–PT structure as a transducer. The sample was connected 
to a Panametrics 5900PR pulser/receiver (Waltham, MA), and mounted 
in front of a thick stainless target with a proper distance in a water tank. 
An oscilloscope (HP Infi nium, Agilent) was used to record the pulsed-
echo signal. The luminescence measurements were recorded using an 
Edinburgh FLSP920 spectrophotometer. The photographs were obtained 
by an inverted microscope (IX-71, Olympus). For luminescence and 
imaging experiments, the samples were adhered on a glass plate for 
facilitating the operation. All measurements were carried out at room 
temperature. 
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