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Abstract 

The dielectric properties of AC powder electroluminescent devices were measured and analyzed using 
complex impedance spectroscopy to determine the relaxation processes occurring within the devices. 
The relaxation processes identified were ascribed to the electrode polarization caused by ion 
accumulation at the electrode/resin interfaces, the Maxwell-Wagner-Sillars effects at the (ZnS or 
BaTiO3) particle/resin interfaces, and the dipolar reorientation of polymer chains in the resin matrix. 
Each relaxation process was represented by its corresponding equivalent circuit component. Space 
charge polarization at the electrodes were represented by a Warburg element, a resistor, and a 
constant phase element. The resin matrix, ZnS/resin and BaTiO3/resin interfaces could each be 
modeled by a resistor and a capacitor in parallel. The simulated equivalent circuits for three different 
printed structures showed good fitting with their experimental impedance results. 

1. Introduction 

AC powder electroluminescent devices (ACPELDs) were first made by G. Destriau [1] and are now widely 

adopted in back lighting applications such as automotive dashboards and LCD displays. Recently, these 

devices have been applied to new fields such as paper display [2], interactive packaging [3], and stretchable 

displays [4]. Conventional ACPELDs are printed with light emitting and dielectric layers sandwiched in 

between transparent and back electrodes. The light emitting layer typically consists of ZnS microparticles 

mixed with resin while the dielectric layer and back electrode contain BaTiO3 and Ag/C nanoparticles in resin 

respectively. ACPELDs are generally assumed to be capacitive by nature, borne out from a resistor (R) and 

capacitor (C) circuitry. Various simplified RC-based equivalent circuit models have been proposed in order to 
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understand the operational characteristics of ACPELDs. Bredol and Dieckhoff demonstrated that ACPELDs 

could be represented by a capacitive load with series and shunt resistors [5]. The shunt and series resistors 

represent the direct current (DC) conductivity of ACPELDs and resistivity of the contacts, respectively. 

Winscom et al. proposed an equivalent circuit model with effective R and C components in a series 

configuration [6]. They suggested that the effective capacitance was governed by the dielectric material and 

the phosphor particles were accountable for the effective resistance in the single-layer ACPELDs. However, 

the equivalent circuit for ACPELDs is more complex with the consideration of the microscopic features and 

interfaces [7]. 

ACPELDs are a complex composite system with several layers of polymer composites stacking above each 

other. A dielectric layer is typically printed over a light emitting layer, which typically contains ZnS 

microparticles, to increase the electrical field surrounding the ZnS microparticles during electrical excitation 

and, in turn, increase its light emission properties. The incorporation of micro- or nanoparticles into a 

polymeric material will introduce interfacial polarization or Maxwell-Wagner-Sillars (MWS) effect at the 

particle/matrix interfaces and enhance the dielectric performance of the polymer composite material [8, 9]. 

In this paper, complex impedance spectroscopy was employed to obtain the dielectric properties of ACPELDs. 

In order to segregate the types of relaxation processes in the device, the dielectric properties of the 

composite films containing either a dielectric layer or a light emitting layer were also measured and 

compared with those of ACPELDs.  From the impedance data, equivalent circuit models were subsequently 

proposed for different printed device structures. 

 

2. Experimental details 

The three different device architectures fabricated using screen printing process were: dielectric film 

(indium tin oxide (ITO)-coated polyethylene terephthalate (PET)/BaTiO3/Ag), phosphor film (ITO-coated 
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PET/ZnS/Ag) and ACPELDs (ITO-coated PET/ZnS/BaTiO3/Ag). Depending on the device architecture, either 

ZnS microparticles (mean particle size ~20 µm) or BaTiO3 nanoparticles (mean particle size ~100 nm) pre-

mixed with polymeric resin were printed onto an ITO-coated PET film. Ag nanoparticle pastes were 

subsequently printed to form the back electrode. The impedance spectra were measured in potentiostat 

mode over a frequency range of 10
-2

 – 10
5
 Hz at 90 

o
C using Autolab PGSTAT302N. The temperature control 

was achieved through a thermoelectric heater. The equivalent circuits were simulated and fitted using both 

Nova (Autolab) and Zview software. 

To obtain the permittivity and electric modulus, the absolute capacitances (the capacitance of the empty 

cell) for the dielectric film, phosphor film, and ACPELDs are calculated using the following equation: 

    
    

 
 (1) 

where ε0 is the vacuum permittivity and Ac is the device area, which is 0.01 m
2
. The thicknesses (l) of the 

dielectric film, phosphor film and ACPELDs are 31 μm, 52.4 μm and 56.5 μm respectively as measured 

through SEM imaging. The real (ε’) and imaginary (ε”) parts of the dielectric permittivity can be calculated 

through the measured real (Z’) and imaginary (Z”) parts of the complex impedance [10]:  

    
   

        
      

 (2) 

    
  

        
      

 (3) 

where f is the frequency of the applied AC voltage.  

 

3. Results and discussion 

Fig. 1(a) shows the imaginary permittivity ε” as a function of frequency for the dielectric film, phosphor 

film and ACPELDs. ε”, which represents the dielectric loss factor of the material and follows the relationship 
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           [11], exhibits an inverse proportional relationship with frequency at the low frequency range. 

The bulk electrical conductivity σ is caused by the migration of ionic carriers [12]. At low frequencies, ions 

can travel over long distances and form a DC conduction path, which contributes to the linearity in the ε”-f 

curve. Its mobility decreases with frequency until its ionic movement becomes locally confined. 

  

Fig. 1. (a) Imaginary (ε”) and (b) real (ε’) part of permittivity and (d) real part of ac conductivity as function of frequency observed for 

the dielectric film, phosphor film and ACPELDs. (c) Imaginary part (Δε”) of relative permittivity as a function of real part (Δε’) of relative 

permittivity for the dielectric film, phosphor film and ACPELDs. 

 a      b 

 

c      d 
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Similar to the ε”-f curves, the real permittivity ε’ in Fig. 1(b) also shows an inverse proportional 

relationship with frequency till its critical frequency fc’. The fc’ values for the dielectric film, phosphor film 

and ACPELDs are 0.037 Hz, 1 Hz and 0.14 Hz respectively. As mentioned earlier, mobile ions are the main 

contributor to the direct current at low frequencies. If the mobile ions exchange all the charges at the 

electrodes, electrical neutrality should be maintained in the device and ε’ should stay constant at low 

frequencies. However, the continuous increase of ε’ with the decrease of frequency indicates that charges 

are exchanged partially and, hence, hetero space charge layers are formed at the vicinity of the electrodes. 

This phenomenon is called electrode polarization (EP) and were found to be present in all the three devices. 

Based on the fc’ values, the phosphor film exhibits the shortest relaxation time with the dielectric film have 

the longest relaxation duration.  

To identify other possible relaxation processes present in the phosphor and dielectric layers, the relative 

permittivity is plotted for the dielectric film, phosphor film and ACPELDs as shown in Fig. 1(c). By subtracting 

the components of ε’ and ε” contributed by ionic conduction, the direct current and EP are significantly 

reduced. All three devices exhibit a small arc at low Δε’ followed by a big semi-circle at high Δε’. The small 

arc is attributed to the dipolar reorientation of polymer chains in the resin matrix and the big semi-circle is 

due to the MWS effect at the particle/resin interfaces [13]. As such, the MWS effect in the dielectric film is 

at the BaTiO3/resin interface while that in the phosphor film occurs at the ZnS/resin interface. However, the 

MWS effect in the dielectric film is much more significant than that in the phosphor film. This is due to the 

larger surface-to-volume ratio of BaTiO3 nanoparticles in the resin matrix as compared to the ZnS 

microparticles. It is also observed that the MWS effect and dipolar polarization in the ACPELDs falls in 

between the dielectric film and phosphor film and is considered as the superposition of the two films. In the 

low and high frequency regions, the AC conductivities of the phosphor film and ACPELDs are close as shown 

in Fig. 1(d). In the intermediate frequency region, the AC conductivity of ACPELDs is considered as the 

superposition of the two films. At frequencies above 1 Hz, it is expected that the dielectric film exhibits a 

higher σac due to the more significant interfacial charges experienced at the BaTiO3/rein interfaces. 
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The loss tangent tan δ, which quantifies the material’s inherent dissipation of electromagnetic energy, 

for the dielectric film, phosphor film and ACPELDs is shown in Fig. 2(a). The tan δ spectra shows the 

polarization effects taking place according to its relaxation frequency. As shown in Fig. 2(a), the more 

significant MWS effect at the BaTiO3/resin interface causes the higher tan δ in the dielectric film and 

ACPELDs than in the phosphor film. At high frequencies, polarization due to dipolar reorientation of resin 

at high frequencies is also found. Polarization in the resin matrix caused by the dipolar reorientation of 

polymer chains in the phosphor film is more significant than in the dielectric film. This may be attributed by 

the higher volume fraction of resin in the ZnS layer as compared to the BaTiO3 layer. The presence of this 

polarization in the resin matrix was further analyzed using the complex electric modulus as shown in Fig. 

2(b). It represents the true relaxation processes in the bulk material with the EP being suppressed [11]. At 

intermediate frequencies, M” peaks are observed for all the three devices and Kontos et al. [14] attribute 

this M” response to the macromolecule orientation of polymeric resin (α-mode). At high frequencies, there 

is a 

 

Fig. 2. (a) Loss tangent (tan δ) and (b) imaginary part (M”) of electric modulus as a function of frequency for the dielectric film, 

phosphor film and ACPELDs. 

 a       b 
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tendency to form another relaxation peak. Patsidis and Psarras showed similar characteristics and 

suggested that the high frequency relaxation process is attributed to the relaxation of segmental chains or 

side chains of resin (β-mode) in their BaTiO3 polymer composite material [15]. Consequently, the dipolar 

polarization in the resin matrix is contributed by both α-mode and β-mode relaxations. 

From the above analyses, three relaxation processes caused by different polarization mechanisms are 

found: EP due to ion accumulation at the electrodes, dipolar reorientation of polymer chains in the resin 

matrix, and MWS effects at the particle/resin interfaces. The MWS effect occurs at their respective 

ZnS/resin and BaTiO3/resin interfaces. To better illustrate these relaxation processes, an equivalent circuit 

is constructed for each device. Using this equivalent circuit, the simulated Nyquist plots are compared with 

its experimental impedance data. As shown in Fig. 3, close fittings with a standard deviation of less than 5% 

are obtained for all three devices.  

In Fig. 3(a), the equivalent circuit for the dielectric film models the relaxation processes contributed by 

the resin matrix, BaTiO3 nanoparticles and electrodes. Rs is the series resistance of the electrodes. 

Polarization due to the dipolar reorientation of resin matrix can be represented by a resistor (Rm) and 

capacitor (Cm) in parallel, which describes the conductivity and the dipolar polarization of the resin polymer 

chains. Another parallel resistor (Rbto) and capacitor (Cbto) component is used to model the MWS effect at 

the BaTiO3/resin interfaces and also depicts the conductivity and charge accumulation level at the 

interfaces. The last portion of the equivalent circuit for the dielectric film describes the charge 

accumulation behavior at the electrode/resin interface. Re is the resistance of the interface and represents 
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the efficiency of charge 

 

Fig. 3. Experimental and simulated Nyquist plots for the (a) dielectric film, (b) phosphor film and (c) ACPELDs with the 

corresponding equivalent circuit models. Rs: series resistance of the electrodes; Rm and Cm: resistance and capacitance of resin matrix; 

RZnS and CZnS: resistance and capacitance of the ZnS/resin interface; Rbto and Cbto:  resistance and capacitance of the BaTiO3/resin 

interface; Re and CPEe: resistance and constant phase element of the electrode/resin interface; Zw: Warburg element of the resin near 

the electrodes. 

transfer from ions to electrons and from resin matrix to the electrodes. A larger Re can be understood as 

the ions having a lower efficiency in charge transfer, resulting in higher amount of ions accumulation at the 

interfaces. Zw, the Warburg element, represents the diffusional properties of the mobile ions in the resin 

matrix towards the electrodes and is quantified by the Warburg admittance Y0w. A smaller Y0w value 

     a         b 

 

       c 
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corresponds to lower diffusivity of the mobile ions in resin. CPEe is the constant phase element (CPE) at the 

electrode/resin interface, which represents the imperfect capacitive nature of the interface. This imperfect 

capacitive phenomenon represents the distribution of time constants at the electrode/resin interface, 

which is mainly caused by the non-uniformity of the interface. In Fig. 3(b), the equivalent circuit for the 

phosphor film is identical to the dielectric film with the exception that the parallel RC (RZnS and CZnS) 

component stands for the MWS effect at the ZnS/resin interface instead. The equivalent circuit for 

ACPELDs can be treated as the superposition of the equivalent circuit of the dielectric and phosphor films 

as shown in Fig. 3(c).  

 

4. Conclusions 

In conclusion, the relaxation processes of ACPELDs were analyzed by complex impedance spectroscopy. 

Three types of polarization mechanisms were identified in ACPELDs: electrode polarization due to ion 

accumulation at the electrode/resin interfaces, MWS effect at the ZnS and BaTiO3 particle/resin interfaces 

and polarization due to the dipolar reorientation of polymer chains in the resin matrix. The MWS effect at 

the BaTiO3/resin interface is much more significant than the ZnS/resin interface due to the smaller BaTiO3 

particle size. On the other hand, dipolar polarization of resin in the phosphor film is more significant than 

the dielectric film due to the larger volume fraction of resin in the phosphor layer. The dipolar polarization 

of resin consisted of both α-mode and β-mode. Finally, these polarization mechanisms were modeled using 

electrical circuit components and an equivalent circuit model for ACPELDs was derived. The simulated circuit 

model, which shows good fitting with its experimental results, provides a better understanding of the 

ACPELD architecture and enabled an effective non-destructive diagnosis of ACPELDs and other printed 

electronics applications. 
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Highlights 

 AC powder electroluminescent devices are screen printed 

 The devices are studied by complex impedance spectroscopy 

 The relaxation processes with relating to polarization mechanisms are found 

 The corresponding equivalent circuit is modeled to represent each 

relaxation process 




