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Abstract: 
Self-powered systems have attracted significant attention in the past decades due to its 
independent and sustainable operations without other power source. In this work, a fully 
integrated self-powered flat panel display is proposed by coupling a ZnS powder based 
alternating current electroluminescence (ACEL) device and a built-in triboelectric 
nanogenerator (TENG). The built-in TENG was made of two different filtration membranes, 
avoiding conventional complicated nanostructure preparation process. This low-cost TENG 
can deliver a high output of Voc=300V and Isc=30μA, which is enough to directly turn on a 
light-emitting array. For the first time, a self-powered flexible ACEL device which might have 
great potential in intelligent electronic skin systems is demonstrated. The well matching 
between the electricity demand of ACEL and the output performance of TENG not only 
simplifies the supporting circuits but also saves the energy consumption on AC-DC 
transformation. These results indicate that the new motion-driven ACEL should have great 
potential towards the practical application of TENG in self-powered systems. 
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Introduction 
The massive development of electronic technology brings us a smart life. Self-powered 
system operating without bulky batteries and power cables is an emerging trend that may 
drive the world more intelligent and economy. In this regard, new approaches for green 
energy are urgently needed for independent, wireless and maintenance-free devices and 
systems [1-5]. Nanogenerators which can harvest mechanical energy from the environment as 
sustainable self-sufficient power source is a highly desired technology, as the mechanical 
energy is available almost everywhere around the clock [6-8]. Pioneered by Wang and 
co-workers in the last few years [9-12], nanogenerators based on different physical 
transduction mechanisms such as electromagnetic [13], electrostatic [14], piezoelectric [15] 
and triboelectric [16] have been developed. Since then, many different types of self-powered 
systems were demonstrated by using nanogenerators as the power source, including sensors 
[17-20], memories [21,22], electrochromic windows [23,24], cardiac pacemaker [25], UV 
sterilization [26], and other devices used in our daily life. 
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In a self-powered system, the generated electrical signal by nanogenerators can be 
converted to other signals (thermal, sound, light etc.), whereas electroluminescence (EL) is a 
nonthermal generation of light resulting from the application of an electric field. EL has been 
increasingly used as general illumination and displays, and there are two types of it. One is 
the familiar light-emitting diode (LED) device, which operates under relatively a low electric 
field and involves electron-hole recombination at the semiconductor p-n junctions. Powering 
commercial LEDs is a very common demonstrated application of nanogenerators in previous 
works [27-29]. Besides, Jeong and co-workers established a self-powered fully-flexible light 
emitting system composed of the AlGaInP vertically structured LEDs and a piezoelectric 
energy harvester [30]. Recently, we demonstrated a contact-electrification-gated LED by 
introducing triboelectric nanogenerator (TENG) into organic optoelectronics [31]. The other 
one is alternating current electroluminescence (ACEL), which was first discovered by 
Destrian et al. in ZnS compound [32]. Distinguished from the LEDs, ACEL device is usually 
called high-field EL, in which the light is generated by impact excitation of high energy 
electrons to luminescent center [33]. Due to their high resolution, uniform light emission, 
good contrast and brightness, ACEL devices have attracted great attentions in areas of 
liquid-crystal display backlighting and large-scale architectural and decorative lighting 
[34,35]. With the development of transparent electrodes, the ZnS powder-based ACEL has 
achieved great progress in recent years. Different transparent and conductive materials such 
as single-wall carbon nanotubes (SWCNT) [36], graphene [37], and Ag nanowires (NWs) [38] 
have been applied as substitutes of ITO to realize the flexible even stretchable ACEL devices. 
Among these transparent electrodes, Ag NWs stand out for their excellent optoelectronic 
performances along with the simple preparation process [39-42]. 

Although ACEL is the only mature technology for large-area flat or flexible light sources 
until now [43], their application in self-powered systems has rarely been reported yet. Very 
recently, Wei et al. [44] reported an isolated ACEL thin film on ITO glass which was 
connected to a TENG, forming a circuit without any electrical interface. The reduction of 
interface is particularly important not only to reduce the power consumption in circuit but 
also to shrink the size, weight and cost of the system. Based on this pioneer work, here we 
further demonstrate a fully integrated light-emitting array in which the ZnS powder based 
ACEL can be directly lighted on by finger taping a built-in TENG. Moreover, we also expand 
our self-powered display into flexible optoelectronic devices, which may have great potential 
in wearable electronics and electronic skin systems. The development of these applications is 
critical to the realization of artificial intelligent [45-47]. With the improved interaction 
between mechanical stimulus and luminescence, this work may open a window for 
developing self-powered displays and light sources. 
 
Results and discussion 
Figure 1 schematically illustrates the detailed structure of the self-powered flat panel display 
device. Printed circuit board (PCB) is chosen as the infrastructure because it is a mature 
industrial technology providing a cheap but reliable approach to orderly connect different 
electronic components [16]. To realize the contact and separation mode of TENG, at least one 
of the friction layers must be insulator. Here, polytetrafluoroethylene (PTFE) layer was 
attached on the lower PCB and served as one friction surface, taking advantage of its great 



ability to gain electrons. Polyamide 6,6 (Nylon) layer was deposited as the opposite friction 
layer. On the top of this TENG, we prepared a 3×3 ZnS based ACEL arrays with cross-bar 
structure. Polydimethylsiloxane (PDMS) was used as polymer matrix for the light-emitting 
layer because of its low cost and simple preparation process. Transparent Ag NWs could be 
directly coated as front electrodes without concern of solvent compatibility problem which 
was hard to avoid in most organic EL devices [38]. At the same time, ACEL devices can work 
without strict requirements on the work functions matching between each layer of materials. 
It also provided a great advantage of easy fabrication compared to the LED. Finally, by 
connecting the ACEL arrays with the built-in TENG, the self-powered flat panel displays was 
established. The ACEL arrays could be driven by the electricity generated from the slight 
finger tapping on the TENG rather than other external energy sources. 
 

 
Figure 1 Schematic illustration of the self-powered flat panel displays, composed of a 

cross-bar structured ACEL array and a built-in TENG in vertical contact separation mode. 
 

Ag NWs were used as the transparent front electrode in our ACEL device. Figure 2a 
presents the optical transmittance of the Ag NWs electrode. As shown, the average 
transmittance is nearly 85% in the visible range, comparable to the commercial ITO electrode. 
The inset image shows the photograph of the Ag NWs electrode coating on a glass coverslip, 
in which the text on the paper behind the coated glass is clearly visible. Figure 2b shows the 
SEM image of the uniform coating Ag NWs electrode. Meanwhile, the sheet resistance of this 
Ag NWs electrode can achieve ~30 Ω/□, which is comparable to the performance of ITO and 
meets the requirement for solar cell and other optoelectronic applications. To confirm the 
mixed state nature of the ZnS:Al,Cu powder and the PDMS polymer matrix, the 
cross-sectional SEM image of the light-emitting layer was acquired, as shown in Figure 2c. 
The ZnS:Al,Cu powders have been well dispersed in the PDMS matrix without any bubbles 
and voids. The complete coverage of PDMS over the phosphor particles can effectively avoid 
the catastrophic dielectric breakdown. Therefore, it is unnecessary to insert another dielectric 
layer between the rear electrode and the light-emitting layer as usual. X-ray powder 



diffraction pattern is shown in Figure 2d. All the diffraction peaks can be assigned to a 
wurtzite structure (JCPDS no. 36-1450) of ZnS with good crystallinity. 

 
Figure 2 (a) Optical transmittance of the Ag NWs electrode. Image in the inset is a 

photograph of the Ag NWs electrode coating on a glass coverslip (24 ×24 mm). (b) SEM 
image of the Ag NWs coating on a glass coverslip. (c) Cross-sectional SEM image of the 

light-emitting layer. (d) X-ray diffraction pattern of the ZnS:Al,Cu powder. 
 

To assess the performance of the fabricated powder based ACEL arrays, a single element 
was driven by a sinusoidal power as shown in Figure 3a. Electroluminescence spectra at 
varied applied voltages varying from 100 to 300 V at a fixed frequency of 70 Hz are shown in 
Figure 3b. The dominant peak of luminescence spectrum is seen at 508 nm, and a minor 
shoulder band can also be found at 460 nm. These spectra features can be understood by the 
donor-acceptor (D-A) type emission process as schematically shown in Figure 3c. The 
sulphur vacancies (Vs) caused by the lattice dislocation and the Al3+ substitution to Zn2+ site 
(AlZn) can separately generate two different donor levels below the conduction band (CB). 
The acceptor level above the valance band (VB) was generated by the Cu+ substitution to Zn2+ 
site (CuZn). Thus, the dominant peak at 508 nm (2.42 eV) can be assigned to the D-A 
recombination of AlZn-CuZn in the energy level diagram, and the shoulder band at 460 nm 
(2.70 eV) originates from the D-A recombination of VS-CuZn [48]. The emission intensity 
against the applied voltage is plotted in the inset of Figure 3b. The ACEL element initiates 
light emission at 100 V and the emission intensity increases rapidly with the increasing 
applied voltage. As known, the relation between the EL intensity and the applied voltage can 
be evaluated by the following equation [38]:  

𝐿𝐿 = 𝐿𝐿0exp (−𝛽𝛽/𝑉𝑉1/2) 



Where L is the luminance, V is the applied voltage, while L0 and β are the constants 
determined by the phosphor material and device structure [49]. The CIE coordinate of the 
device obtained simultaneously with the EL spectrum is (0.1882, 0.3742). It corresponds to a 
typical green emission, as shown in Figure 3d. 

 
Figure 3 (a) Device structure of a single ACEL element. (b) Electroluminescence spectrum of 
a single ACEL element operating at 70 Hz with different voltages. The emission intensity at 
508 nm as a function of applied voltage is shown in the inset. (c) Energy level diagram of 

ZnS:Al,Cu phosphor. (d) The CIE diagram showing the green light emitting from the ACEL 
element. 

 
On the other hand, Nylon and PTFE were purposely chosen as the friction layers to 

fabricate the built-in TENG, because these two polymers were at the opposite ends of the 
triboelectric series [50]. It has been demonstrated that micro/nanostructures existing on the 
surface of friction layers can contribute to higher performance of a TENG. Hence, different 
preparation methods including photolithography, dry-etching, and block copolymer 
self-assembly have been used to increase the surface roughness on the contact surface of 
TENG in previous works [5,50,51]. While in this work, the fabrication of TENG does not rely 
on any expensive equipment or complex procedures mentioned before. Because both PTFE 
and Nylon happen to be the common materials of filtration membranes which have 
ready-made nanostructures as shown in Figure 4. The dense nanostructures can not only 
enlarge the surface area, but also enhance the rubbing between each other. By a clever use of 
these two different filtration membranes, we designed a low-cost TENG below the ACEL 
device as shown in Figure 1.  



 
Figure 4 Top view SEM images of (a) the PTFE surface and (b) the Nylon surface with 

nanostructures. 
 

Next, the electric output performance of the built-in TENG under a periodical finger 
tapping was tested. The measured open-circuit voltage (Voc) in the forward connection shows 
a peak value of about 300 V, as seen in Figure 5a. As shown in Figure 5b, switching polarity 
test under a reverse connection mode gives almost the same amplitude but reversed polarity. 
This phenomenon confirms the validity of the output signals. Figure 5c shows that the 
short-circuit current (Isc) with a resistance of 2 MΩ can reach 30 μA. The enlarged view of the 
output current over a single cycle is shown in Figure 5d, where one can see that the positive 
signal has a much larger peak value (30 μA) but a shorter pulse compared to a much smaller 
peak value (10 μA) but a longer pulse in the negative signal. This feature is caused by the 
different straining rates during the pressing and releasing stages. As we know, the amount of 
transferred charge (Q) is the time integral of current (𝑄𝑄 = ∫ 𝐼𝐼 𝑑𝑑𝑑𝑑). Actually, it can be observed 
from the purple line in Figure 5d that Q remains the same (90 nC) in both pressing and 
releasing stages. Taking the contacting area of 19.26 cm2 into account, the output charge 
density reaches ~ 46μC/m2. Hence, the nature of the electricity generated in the TENG is the 
alternating flow of these induced charges.  



 
Figure 5 Performance of the built-in TENG during the periodical finger tapping motions. (a) 

The open-circuit voltage Voc in the forward connection and (b) The open-circuit voltage in 
reversed connection. (c) The short-circuit current Isc signals in the forward connection. (d) 
The enlarged view of the short-circuit current and transferred charge over a single tapping 

cycle. 
 

After the individual characterization of the ACEL and TENG, a concurrent operation of 
the two parts was performed to demonstrate the working principle of a self-powered flat panel 
display. As expected, when two electrodes of the built-in TENG were connected to the ACEL 
device, the alternating flow of induced charges can generate an AC electric field across the 
light-emitting layer. In order to further understand this, we calculated the distribution of the 
instantaneous electric field inside the light-emitting layer by a finite element modeling (FEM, 
via Comsol Multiphysics). Figure 6 represents a simulated model whose geometry parameters 
are from real device. The thickness of this light-emitting layer is ~ 80 μm, see Figure 2c. And 
ZnS:Al,Cu phosphor powders are equivalent to microspheres with an average diameter of 35 
μm for simplifying the model. The simulated potential and electric field distribution in the 
light-emitting layer are shown in Figure 6a and b respectively. Due to the difference of 
relative permittivity between the ZnS based phosphor and the PDMS polymer matrix, the 
electric field distribution in the light-emitting layer is not uniform. The calculated results 
demonstrate that the local electric field in phosphors is up to the order of 106 V/m, which is 
enough to accelerate electrons in ZnS:Al,Cu powder and excite luminescence. These results 
support the feasibility of the designed self-powered microelectromechanical systems 
(MEMS). 



 
Figure 6 Numerically calculated (a) potential and (b) electric field distribution in the light 

emitting layer driven by the built-in TENG. 
 
Figure 7a shows the measured luminescence spectra of the ACEL arrays under finger 

tapping the TENG without any external power supply. The main peak locates at 514 nm and 
the shoulder band almost disappears. The slight changes in peak position compared to the EL 
spectra shown in Figure 3b is attributed to the difference of applied frequency, as there is a 
strong dependence of emission intensity and color on the applied frequency [36]. In Figure 7b, 
a 3 ×3 ACEL array being simultaneously turned on by finger tapping a built-in TENG is 
shown (also see Video 1 in the Supporting Information). As we can see, the integrated device 
can effectively convert the input mechanical energy to light energy by the coupling effects 
between triboelectric and ACEL. This strategy is fundamentally different from the 
mechanoluminescence (ML) in the same ZnS material system reported previously [52-55]. As 
in those works, piezoelectric potential caused by the external strain is capable of triggering 
the luminescent center of metal-ion dopants, leading to light emissions. Compared to the ML 
which always requires large strain and difficult to achieve large-area light emitting, our 
devices can suit more accessible mechanical stimulus and have a larger emitting face (2.25 
cm2). We further expanded our self-powered display into flexible optoelectronic devices, 
which may have great potential in intelligent electronic skin systems. Figure 7c shows a 
bending ACEL device attached on top of a finger. As seen in Figure 7c, it can also be turned 
on by the TENG successfully. Compared to the LEDs, the ACEL device does not need the 
AC-DC converter, because its luminescence can be excited by the high electric field 
regardless of polarity. Hence, as shown in Figure 7d, the ACEL device can be turned on twice 



in every pressing - releasing cycle, more details can be found in Video 1 in the Supporting 
Information. While the commercial LEDs can only be turned on once, similar results can be 
found in AlGaInP vertically structured LEDs reported by Jeong et al. [30]. The well matching 
between the electricity demand of ACEL and the output characteristics of TENG (AC high 
voltage) can not only simplify the supporting circuits but also save the energy consumed on 
AC-DC transformation. These results fully demonstrate that the high-performance TENG can 
serve as a reliable energy supplier for self-powered flat panel display.  
 

 
Figure 7 (a) Luminescence spectra of the motion-driven ACEL arrays under finger tapping of 

a built-in TENG. (b) Photographic image of the self-powered flat panel displays. (c) 
Photographic image of the self-powered flexible ACEL device. (d) The luminescence of the 

device during pressing-releasing cycles, compared to the commercial green LEDs. 
 
Conclusions 
To conclude, the concept of a motion-driven self-powered flat panel display has been realized 
by the full integration of an ACEL array and a built-in triboelectric nanogenerator. The green 
light-emitting ZnS powder based ACEL devices have been successfully fabricated on both 
rigid and flexible substrates. By a clever use of two different organic filtration membranes, a 
high-performance TENG has been produced without any expensive equipment or complex 
procedure. During repeated finger tapping motions, the output voltage of TENG (as high as 
300 V) can generate an instantaneous electric field which is enough to excite luminescence of 
ZnS:Al,Cu powder. This work demonstrates the feasibility of self-powered flat panel display 
and shows great potential towards the practical application of TENG in self-powered MEMS. 
 



Experimental section 
Fabrication of the self-powered flat panel displays 
Two pieces of PCB were designed and prepared with the copper pattern grating embedded 
into the stiff glass epoxy base materials. This industrial technology paves the way for 
large-scale production and the following integration of two functional devices. The ACEL 
array was prepared as follows: ZnS:Al,Cu powder (GGS42, Global Tungsten & Powders Co.) 
were first uniformly mixed in PDMS (Sylgard184, Dow Corning) pre-polymer with a weight 
ratio of 7:3. After degassing for 30 min, the mixture was deposited on the Cu pattern by 
screen-printing. Subsequent curing was done at 100 oC for 2h. Finally, Ag NWs electrodes 
were coated on the cured emitting layer with designed patterns. To build up the self-powered 
flat panel displays shown in Figure1, Nylon layer was deposited on the bottom of the 
prepared ACEL array as one friction layer. PTFE layer was attached on another PCB as the 
opposite friction layer. The built-in contact-separation mode TENG was achieved by packing 
these two friction layer face to face.  
 
Characterization  
The optical transmission of Ag NWs transparent electrode was measured using a UV-visible 
spectrophotometer (HITACHI, U-3010), whereas the sheet resistance (Rs) was measured by 
the four point probe sheet resistance meter (Dimensions, 280SJ). All the SEM images were 
taken on the field-emission scanning electron microscopy (FESEM, JEOL JSM-6335F). The 
crystal structures of the metal ion doped ZnS powder were characterized through X-ray 
diffraction (XRD, Bruker D8-Advance) using Cu Kα radiation. The EL spectra were carried 
out by a spectrophotometer (Edinburgh, FLSP920) with different AC voltage at the frequency 
of 70 Hz. The output signal of the built-in TENG was recorded by the digital multimeter 
(RIGOL DM3068) under mechanical tapping. The self-powered flat panel displays were 
characterized by recording the luminescence spectra using an Ocean Optics USB4000 CCD 
spectrometer with the continuous finger tapping on the built-in TENG. 
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