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AC-driven electroluminescent devices: 

White-emission from the phosphor 

ZnS:Eu 
 

 

 

Alternating current (AC)-driven electroluminescent devices have the potential 

advantage of being able to be directly integrated into the AC input household power 

supplies without the need for complicated back-end electronics involving power 

converters and rectifiers.  

 

This chapter reports on the white light electroluminescence (EL) from metal-

insulator-semiconductor-insulator-metal (MISIM) alternating current thin-film 

electroluminescent (AC-TFEL) devices fabricated by the low-cost and relatively fast 

and straightforward ultrasonic spray pyrolysis technique. It presents the EL 

modulation by varying the amplitude of the applied voltage at a fixed 10KHz 

sinusoidal frequency. It examines the colorimetric characteristic dependent on the 

variation of the electric field. Our results are closed to the standard D65 CIE1 

illuminant, which correspond to natural noon daylight. Finally, it explores the origin 

of white light EL by proposing an emission mechanism. 

 
This chapter is based on the manuscript entitled “White-emission from ZnS:Eu incorporated 

in AC-driven electroluminescent devices via ultrasonic spray pyrolysis”. Submitted   

                                                      
1 CIE is the acronym in French for International Commission on Illumination. System created to 

mathematically represent the distribution of wavelengths in the electromagnetic spectrum as perceived 

by the human eye. 
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3.1 Introduction 
 

The solid-state lighting and display technology scientific communities seem to be no 

longer interested in electroluminescent (EL) devices powered by the alternating 

current. A scarce number of publications have been made in the past twenty years. 

Perhaps this trend is because DC-driven EL devices have been successfully 

established as bright and efficient light sources.[1–6] Whilst for displays, many AC-

driven electroluminescent (AC-EL) technology is apparently restricted to a 

monochromatic emission with poor brightness performance. The truth is that there 

is a recent boost to develop new approaches to fabricate multicolored and white-

emitting devices operated through AC inputs.[7–14] Contrary to DC-driven EL 

devices, AC-EL can hold higher electric fields even with thinner and wider emission 

areas thanks to the capacitor-like device architecture. Among the different structures 

developed for AC-EL devices, thin-film AC-EL (AC-TFEL) devices have been 

successfully incorporated in flat panel displays required to stand extreme   

conditions.[7,15–18] As described in the introductory chapter, a typical AC-TFEL 

structure is arranged in a MISIM configuration, where the phosphor (S) is 

sandwiched between two insulating layers (I) connected by a metallic and a 

transparent electrode (M). The phosphor layer consists of a high band gap 

semiconductor which serves as a host for luminescent centers. As studied in the 

previous chapter, ZnS is an excellent candidate as a semiconductor phosphor to host 

impurities of ions of rare-earth metals, such as Eu2+ and transition metals.[19–22]  

 

The fabrication of monochromatic and full-color AC-TFEL devices has been the 

subject of interest for more than three decades by implementing different doped-

chalcogenides and oxides as phosphors.[7,17,18,23–27] The vast majority of these AC-

TFEL devices were fabricated by atomic layer deposition (ALD), RF sputtering, and 

electron beam evaporation. In the past, AC-TFEL devices were limited due to their 

low brightness performance and required expensive fabrication techniques. 

Additionally, white-emitting EL in AC-TFEL has been explored, resulting in an 

unbalanced color contrast favored by either the blue or red components. i.e., the cold-

white and warm-white.[17,18,28–31] This chapter presents the white-EL of AC-TFEL 

devices fabricated by a simple solution-processable method as ultrasonic spray 

pyrolysis. We use the blue-emitting ZnS:Eu2+ phosphor as our active layer in a 
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MISIM structure.[32,33] The colorimetric characteristics are investigated by varying 

the amplitude of the applied voltages at a constant 10 kHz frequency. The emission 

of our devices is composed of wide and narrow bands with peaks corresponding to 

blue, green, and red light, which together produce the resulting white light. 

According to the colorimetric analysis, our white light is close to the standard D65 

CIE illuminant, with a minimal dominant blue component. The variation in voltage 

amplitude induces small changes in the visual characteristics of the EL emission. 

The white-EL emission of these MISIM devices is attributed to the electron-impact 

excitation and subsequent relaxation of the excited levels of Eu2+ and Eu3+ impurities 

and defect levels in the sublayer regions adjacent to the ZrO2 - ZnS:Eu interfaces. 

 

3.2 Experimental section  
 

3.2.1 Materials, ultrasonic spray coating conditions, and 

device fabrication 

 

A 15 mm by 30 mm antimony-doped tin oxide (ATO) substrate with a sheet 

resistance of 96Ω/ was used as our transparent electrode. The substrates were 

ultrasonically cleaned using a soapy solution, DI water, acetone, and isopropanol for 

20 minutes in each solvent. All materials were purchased and used as received 

without any additional treatment. A 0.05 M in concentration solution was prepared 

by dissolving zirconium(IV) acetylacetonate(97%) in a mixture of 9:1 volumetric 

ratio of anhydrous methanol (99.8%) and diethylene glycol monobutyl ether (>98%). 

The solution was left under constant stirring for 1 hour at room temperature. The 

recipe for the preparation of the ZnS:Eu precursor solution is described in the 

previous chapter. Details of our deposition system can be found elsewhere.[32] Air 

was the transporting gas used for all our experiments; an oil-free compressor 

provided it.  

 

First, we preheated our ATO substrate up to 420 ˚C; briefly we transported the 

ZrO2 precursor solution to the reaction chamber using a 2.5 L min-1 carrier gas flow 

and 0.84 mL min-1 directional gas flow. Second, a ZnS:Eu thin film was grown 

consecutively using a carrier and directional gas flow of 2.0 L min-1 and 0.8 mL   

min-1, respectively. Third, a second ZrO2 layer was deposited on top of the phosphor 
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using similar conditions for the previous dielectric layer. Here the top dielectric layer 

was treated differently before starting the film deposition by flushing air for 30 s 

through the directional flow duct. Finally, aluminum (99.999%) electrodes were 

thermally evaporated (5-6 x 10-6 Torr) using a patterned shadow mask. The active 

area of our AC-driven devices was determined by the radius of the rear electrode (1 

mm in diameter). 

 

3.2.2 Characterization of thin films and MISIM devices 

 

Cross-sectional scanning electron micrographs were obtained using a field-emission 

ultrahigh-resolution Scanning Electron Microscope JEOL JSM-7800F. Before the 

scanning, the samples were manually polished using a tripod polisher (South Bay 

Technology model 590 TEM). The AC-TFEL devices were driven by applying 10 

kHz sinusoidal voltages using a Wavetek function generator, model 182A, and a 

step-up transformer. All peak-to-peak voltages were measured using a Hewlett 

Packard 1741 oscilloscope. The EL signal was collected through an optical fiber 

coupled to a spectrofluorometer (Spex Fluromax) in dark ambient conditions at room 

temperature.  
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3.3 Results and discussion  
 

3.3.1 Device structure and composition  

 

 

 

 

 

 

 

 

 

 
Figure 3.1 (a) Illustration of the AC-TFEL MISIM device fabricated by ultrasonic 

spray pyrolysis. (b)Cross-sectional image of the structure showing layer-by-layer 

stacking. 

 

The fabrication of our AC-TFEL MISIM devices was carried out by the ultrasonic 

spray pyrolysis process, which is a rather straightforward technique. Figure 3.1 (a) 

shows a schematic diagram of our devices. As can be observed, aluminum electrodes 

were also deposited on top of the ATO substrate to ensure electrical contact properly. 

The device is a multilayered structure comprising of ATO (150 nm) / ZrO2 (150 nm) 

/ ZnS:Eu (200 nm) / ZrO2 (150 nm) / Al (150 nm). The thicknesses were calculated 

by a profilometer through a systematic deposition of layer-by-layer, creating a step 

between each consecutive coming layer. Additionally, we performed cross-section 

FE-SEM measurements on one of our AC-TFEL, as depicted in figure 3.1 (b). This 

image reflects the imperfections, such as pinholes, impurities, particulates, etc., 

generally created on dielectric-phosphor-dielectric interfaces of our as-deposited 

devices. Since these imperfections cause micron and submicron-sized weak spots, 

which are susceptible to catastrophic breakdown at the voltages required for regular 

operation, we carried out a self-healing electrical process before acquiring the EL 

spectra.[29,34] The healing process was carried out by applying rms-voltages in steps 

of 10 V for 10 min, from 0 V up to the threshold voltage.  
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3.3.2 EL modulation and colorimetric characteristics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2 EL spectra of one of our AC-TFEL device incorporating ZnS:Eu2+ as 

phosphor. The rms-voltages are: V1=56V, V2=70V, and V3=77V. A photograph of a our 

working device is display on the top right corner.  

 

Figure 3.2 shows the EL spectra as function of the applied rms-voltages; V1=56V, 

V2=70V and V3=77V, in the spectral region from 350 to 800 nm. As we increase the 

applied rms-voltage, the overall EL emission rises. As can be observed from the 

spectrum corresponding to the highest voltage, the emission of our device is 

composed of several wide and narrow bands spanning from 400-700 nm, assigned 

to violet (V), blue (B), green (G), and red (R) light. The combination of all gives the 

resultant white EL, as illustrated in the top right corner of figure 3.2.  

 

The white characteristics of the white EL device were analyzed employing the 

Commission Internationale de l'Eclairage (CIE) chromaticity coordinates. The CIE 

can quantitatively describe the color characteristics of any light source in terms of 

the three tristimulus values (X, Y, and Z), and the corresponding mathematical 
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relationships with the three-color matching functions x , y ,and z. These relationships 

are the following:[35] 

 

X= ∫ xI(λ)dλ = ∑ xI(λ)dλλ       (1) 

Y= ∫ yI(λ)dλ = ∑ yI(λ)dλλ       (2) 

Z= ∫ zI(λ)dλ = ∑ zI(λ)dλλ       (3) 

 

Where I(λ) is the normalized spectral power distribution of the light source and 𝜆 is 

the wavelength of the equivalent monochromatic light. As the spectra shown in 

figure 3.2 are such that I(λ) cannot be expressed analytically, the integration must 

be done graphically, numerically, or with mechanical methods. In our case, we used 

the CIE recommendation, where the integration shall be carried out by a discrete 

numerical sum. The computation was made using the datasheet for the CIE-1931 2-

degree for color matching functions, 𝑥 , 𝑦 and 𝑧, from Colour & Vision Research 

Laboratory, and a home-designed Python program. For the representation of the 

color in the 2D-space of the color diagram, the chromaticity coordinates x, y, and z 

were calculated from the following equations:  

 

x=
X

X+Y+Z
    y=

Y

X+Y+Z
    z=

Z

X+Y+Z
      (4) 

 

It must be noticed that x+y+z=1. Thus the color can be represented or expressed 

as two independent coordinates, i.e., (x,y). The CIE coordinates corresponding to the 

light emitted by the AC-TFEL structure for the three applied voltages are denoted as 

the sample coordinates(xs,ys) given in table 1 and plotted on the CIE diagram (figure 

3.4). As a comparison, we plotted the white point (xi,yi)=(0.31271,0.32902) of the 

standard CIE illuminant D65,[36] which is, in fact, that to the natural noon daylight 

for countries in Northwest Europe.  
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Table 1.1 CIE Photometric and colorimetric characteristics of one of our AC-TFEL devices 

at operating rms-voltages: V1=56V, V2=70V, and V3=77V using the D65 illuminant as 

reference. 

 𝑥𝑠 𝑦𝑠 Dominant  

λ (nm)  

𝑥𝑑 𝑦𝑑  Color 

purity 

% 

Relative  

Luminance 

Y(%) 

V1 0.298 0.314 483  0.080 0.165 5.3 74.2 

V2 0.283 0.303 482 0.080 0.162 9.6 67.8 

V3 0.290 0.317 486 0.066 0.210 10 75.5 

D65 
xi 

0.313 

y
i
 

0.330 

- - -  

0 

Y0 

78.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3 CIE chromaticity diagram of the color space coordinates of our AC-TFEL 

device. (a) Variation of the color coordinates as function of V1, V2, and V3 rms-voltages 

with respect to the D65 illuminant. (b) Dotted line traced for the determination of the 

colorimetric properties at an applied rms-voltage of V3. 

 

To further evaluate the visual characteristics of the white EL emission as a 

function of applied rms-voltage and how distant is our white-EL from the illuminant 

D65, we calculated the dominant wavelength and the color purity. The dominant 
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wavelength is the single monochromatic wavelength at which the intersection occurs 

between the straight line starting from the white point D65, 

(xi,yi)=(0.31271,0.329202), passing through the sample point (xs,ys) and the locus 

curve with labeled hue wavelengths. The color coordinate of this dominant 

wavelength is denoted as (xd,yd). The color purity is defined quantitatively as the ratio 

between the distance from the illuminant (xi,yi) to the point (xs,ys) and the distance 

from (xi,yi) to the point (xd,yd) corresponding to the dominant wavelength.[37] Thus, 

the color purity can be calculated using the formula (5). The calculated dominant 

wavelength and color purity are summarized in table 1.1. 

 

 

 

Color purity= 
√(xs-xi)2 + (y

s
-y

i
)

2

√(xd-xi)2 + (y
d
-y

i
)

2
⁄   × 100 %  (5) 

 

 

Figure 3.3 (b) shows the CIE coordinates of the white point 

(xi,yi)=(0.31271,0.32902) (black hollow circle) and the sample point 

(xs,ys)=(0.28981,0.31687) (black triangle) corresponding to the white-EL light 

emitted by our AC-TFEL at the voltage V3. The intersection of the dotted line with 

the locus curve at the point (xd,yd)= (0.06599,0.21037) (blue circle) corresponds to 

the dominant wavelength of 486 nm. The white-EL light emitted by the AC-TFEL 

under the lowest rms voltage, V1= 56V, is shifted 5% from the D65 standard towards 

the blue, and the shift increases up to 10% as the voltage increases to V3= 77V. This 

behavior is consistent with the white-EL normalized spectra in figure 3.4, where the 

G band is enhanced. 
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Figure 3.4 Normalized EL spectra of D65 illuminant and the three EL spectra at the 

corresponding operating rms-voltages of V1=56V, V2=70V, and V3=77V. 

 

Since the luminous efficiency function is given by y=V(λ), which describes the 

average spectral sensitivity of human visual perception of brightness, the tristimulus 

value Y (in equation 2) is directly proportional to the luminous power or flux of the 

light. Therefore, it provides information about the relative luminance or brightness. 

Table 1.1 depicts the relative luminance Y of the EL device as a function of the three 

applied rms-voltages. For V3, there is a 3% mismatch in terms of the relative 

luminance. Our findings further corroborate the similarities between our AC-TFEL 

and the D65 illuminant. In figure 3.4, the normalized EL spectra for the three rms-

voltages and the one for the D65 illuminant are shown. The EL are comparable in 

most of the spectral region from 400 up to 600 nm. Above 600 nm, red but mainly 

infrared, is not perceptible for our white-EL device. This is consistent with the 

resultant blue shift concerning the illuminant, as depicted in table 1.1.  

 

 

 

 

https://en.wikipedia.org/wiki/Spectral_sensitivity
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3.3.3 Origin of the white emission 

 

The white-EL of our devices can be explained based on the four mechanisms that 

occur in this type of AC-TFEL, under the applied electric field, namely (1) tunnel 

emission (Fowler-Nordheim type) of electrons from interface states at the interface 

insulator-phosphor, (2) acceleration of electrons to high energy, (3) impact excitation 

or ionization of the luminescent centers housed in the phosphor, (4) de-excitation of 

the excited electrons by radiative and non-radiative recombination.[17,38] With the 

change in polarity, these mechanisms are alternated from one to the other insulator-

phosphor interface. Once the electrons are injected by step 1, they are accelerated 

under the action of the electric field (E) inside the phosphor which can be calculated 

in terms of the applied voltage (V) using the formula: E=
ϵi

ϵidp+2ϵpdi
V (from ref [17]), 

where ϵi and ϵp are the dielectric constant of the insulating and phosphor layers and 

di and dp are the thicknesses of the insulating and phosphor layers, respectively. 

Using the average values ϵi=21 for ZrO2 and ϵp=5.33 for ZnS (obtained from 

references [39][40]) and the thicknesses of the ZrO2 (di
=150 nm) and ZnS (dp=200 nm) 

films in the MISIM structure, the resultant electric fields for the three rms applied 

voltages are E1=2.0 MV/cm, E2=2.5 MV/cm and E3=2.75 MV/cm. If the injected 

electrons were to accelerate freely under these extremely high electric fields, over a 

distance x from the interface, they would acquire kinetic energy, K=E=eEx. Under 

these conditions an accelerated electron, even with the lowest electric field 

E1=2.0 MV/cm, over a distance x=15 nm from the interface, would gain a kinetic 

energy of E1= 3.0 eV, which is enough to impact excite electroluminescent centers 

with significant impact excitation cross-section in the violet 413 nm (3.0 eV), blue- 

450 nm (2.75 eV), green-550 nm (2.25 eV) and red-612 nm (2.03 eV) regions. In the 

more realistic scenario, where the electrons scatter and lose energy by several high 

field mechanisms (such as optical and acoustic phonon scattering, impurities 

scattering, impact ionization, and excitation), there is an electron energy distribution 
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that depends on the applied electric field. This electron energy distribution has been 

calculated for ZnS using Monte Carlo computer simulations, and the simulated 

results have shown that at the electric field of 2.0 MV/cm, the percentage of electrons 

with energies between 2.1 eV and 3.2 eV is approximately 54 %.[41] Similar results 

have been found for ZnS using the more simplistic lucky-drift analytical model, 

which uses the electron mean free path to describe the high field. Still, this model 

also shows that the energy relaxation length, or the distance that the electron 

propagates before it loses a substantial part of its energy, is 32 nm at 2.0 MV/cm. 

Once the electrons have been accelerated to the threshold energy the impact 

probability is primarily determined by the impact excitation cross-sections of the 

specific electroluminescent centers.[42]  

From the above discussion on the electroluminescence mechanisms, it is inferred 

that the EL emission of our AC-TFEL devices is not only determined by the bulk of 

the phosphor ZnS:Eu film, but it is also significantly influenced by the chemical and 

electronic properties of the region of the phosphor and the luminescent centers 

incorporated close to the ZrO2–ZnS:Eu interfaces. The ZnS:Eu film used in our 

devices was deposited under the same conditions used in our previous work for 

depositing these films on glass substrates;[32,33] herein, we explain the PL emission 

band in the blue region as originated from the radiative 4f65d ⇾ 4f7 transitions of 

Eu2+ ions substituting Zn2+ in the hexagonal-wurtzite phase of the ZnS:Eu film. On 

the other hand, during deposition of the ZnS:Eu film onto the ZrO2 nano-crystalline 

film, several chemical processes and homogeneous and heterogeneous reactions can 

occur. Such as, the leaching of zirconium from the ZrO2 film might lead to the 

formation of ZnO sublayers and surface functionalization with ZnS adjacent 

monolayers. As well as possible incorporation of Eu impurities like Eu3+ in the ZnO 

and ZnS growing layers and on the surface of the ZrO2 nano-crystalline film.[43–45] 

During the deposition of the ZrO2 onto the ZnS:Eu films, the formation of ZnO 

sublayers and incorporation of Eu3+ on the ZnO surface growing layer and on the 

surface of the ZrO2 nanocrystals is also feasible. The shape of the peaks and the 

prominent edges in the red and green region of the EL spectra (figure 3.2) 

corresponded accordingly to the intra ion 5D0 ⇾7FJ (J=0, 1, 2, 3, 4) 4f-transitions of 
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Eu3+ ions incorporated in ZnS,  ZnO and ZrO2 nanocrystals or thin films,[26,35,46–48] in 

the region of the ZnS:Eu phosphor film, close to the ZrO2–ZnS:Eu interface. 

 

It is well known the corresponding ranges of wavelengths of these Eu3+ transitions 

in different compounds are: 570-585 nm (J=0), 585-600 nm (J=1), 610-630 nm 

(J=2), 640-660 nm (J=3), 680-710 nm (J=4), where the 5D0 ⇾7F2 transition at 612 

nm is dominant. Yet, the intensity and width are dependent on the chemical 

environment.[7,49] Since the doping of the ZnO sublayers with Eu3+ produces intrinsic 

defects, such as interstitial zinc and oxygen vacancies, the broad green-yellow 

emission centered around 560 nm present in the EL spectra (figure 3.2) can be 

assigned to radiative transitions between charged oxygen vacancies and the photo-

excited holes in the valence band of the ZnO sublayers.[46] Studies on the electronic 

interface of ZnO and ZnS submonolayers suggest surface functionalization of these 

two direct bandgap materials larger than 3.4 eV, results in an effective surface band 

gap narrowing from 3.4 eV until 2.8 eV.[44] Based on this, we can assume that 

photons generated from ZnO-ZnS interband transitions could contribute to the 

prominent edge observed in the UV region of the spectra of the AC-TFEL devices. 

 

3.4 Conclusions  
 

In summary, we have demonstrated white-EL in a MISIM AC-TFEL device 

fabricated by ultrasonic spray pyrolysis. We used ZnS:Eu as the semiconducting 

phosphor layer and ZrO2 as the insulating layers. The device exhibited a white-EL 

emission with slightly more blue component compared to green and red. The shade 

of the white light was determined from the CIE chromaticity coordinates, and it 

resulted close to the illuminant D65. The variation of the applied voltage induces 

small changes in CIE coordinates. The white-EL emission of these AC-TFEL 

devices is attributed to the electron-impact excitation and subsequent relaxation of 

the excited levels of Eu2+ and Eu3+ impurities, and intrinsic point defect levels in the 

sublayer regions adjacent to the ZrO2-ZnS:Eu interfaces. 
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