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White-emission from ZnS:Eu incorporated in AC-driven electroluminescent 
devices via ultrasonic spray pyrolysis 
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b Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747, AG Groningen, the Netherlands 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• White-emitting-AC-thin film electrolu-
minescent device has been achieved 
using only europium doped ZnS as 
phosphor layer. 

• The electroluminescent device with a 
MISIM architecture was fabricated by 
low-cost ultrasonic spray pyrolysis 
technique. 

• The use of ZrO2 insulator layers pro-
motes the incorporation of Eu3+ and 
point defects at the phosphor-insulator 
interfaces. 

• The white emission comes supposedly 
from electron-impact excited Eu2+, 
Eu3+, and defects at the phosphor- 
insulator interface. 

• The white emission of the electrolumi-
nescent device is close to that of a 
standard illuminant.  

A R T I C L E  I N F O   
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A B S T R A C T   

In this work, white-emitting-alternating-current-thin film electroluminescent (w-ACTFEL) devices are demon-
strated using europium-doped zinc sulfide (ZnS:Eu) and zirconium oxide (ZrO2) as the emissive and dielectric 
layers, respectively. These films were deposited by the ultrasonic spray pyrolysis technique on antimony-doped 
tin oxide glass substrates, forming a standard metal-insulator-semiconductor-insulator-metal (MISIM) architec-
ture. 10 kHz sinusoidal voltages activated the white-EL of the devices. The colorimetric characteristics were 
investigated for three amplitudes of the applied voltage. The emission of the devices is made up of wide and 
narrow bands with peaks corresponding to violet, blue, green and red light, which together produce the resulting 
white light. According to the colorimetric analysis, this 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 
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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.   

1. Introduction 

There is increasing interest in developing new approaches to fabri-
cate white and multicolored electroluminescent (EL) devices operated 
by alternating current (AC) and direct current (DC) as light sources, 
displays, and sensing [1–7]. DC-driven EL devices have been established 
as bright and efficient light sources from a variety of materials as organic 
semiconductors (OLEDs) [8], III-V semiconductors [9], and colloidal 
quantum dots (QLEDs) [10]. However, AC-driven EL (ACEL) devices 
have recently gained considerable attention as promising alternatives to 
DC-driven devices, because they do not require of AC/DC converters and 
other costly switching devices which introduces power losses and 
complicated back-end electronics [11–14]. Furthermore, their intrinsic 
ability of flexible and straightforward device architecture with uniform 
large light-emitting areas with low heat generation and power con-
sumption are further reasons of interest [15,16]. Among the different 
structures developed for ACEL devices, inorganic thin-film ACEL 
(ACTFEL) with a MISIM (metal-insulator-semiconductor-insulator 
-metal) architecture have been successfully used in monochromic flat 
panel displays for applications where it is required to stand extreme 
conditions, such as high temperatures, strong vibrations, and environ-
ments with high humidity [1,17–20]. ZnS doped with transition metals 
and rare-earth ions has served as an excellent semiconductor phosphor 
material for multiple ACEL devices with single emissions spanning the 
entire visible spectrum [21–24]. An outstanding example is the bright 
yellow-orange luminance from ZnS:Mn in ACTFELs [25–27]. Moreover, 
ZnS has also shown green-blue photoluminescence ascribed to the 
intrinsic defects, namely zinc and sulfur vacancies which creates new 
energy states within the bandgap [28–30]. The fabrication of single 
color and full-color ACTFEL devices has been subject of interest for more 
than three decades; through the incorporation of rare earth (Eu, Tb, Sm, 
Tm, Ce) and transition metal ions (Cu, Ni) to ZnS and other metal-sulfide 
host semiconductor [20,21,31]. Vast majority of the pioneers multicolor 
ACTFEL displays were fabricated by atomic layer deposition (ALD), RF 
sputtering and electron beam evaporation using phosphors such as ZnS: 
Mn, ZnS:Eu, ZnS:Sm, Cl and CaS:Eu for red, ZnS:Tb, Cl for green, and 
ZnS:Tm,F and SrS:Ce for blue emission [19,20,32–34]. But, the lumi-
nance of the green - ZnS:Tb,F devices was around 33%, therefore below 
the luminance of those yellow-ZnS:Mn devices, while the luminance of 
devices with the red and blue phosphors was much lower. Regardless of 
the low luminance for monochromatic emission, efforts were made to 
fabricate white AC-TFEL displays; first, a co-doped system of Eu,Ce, 
K-doped SrS, second through a multilayered phosphors stack. In the 
former, a reducing agent, as H2, was incorporated to enhance the crys-
tallinity of the phosphor layer, which is crucial for the performance of an 
AC-TFEL [35]. Although the luminance of these films was high, the CIE 
coordinates were not given in this work. Other works reported CIE co-
ordinates; (x, y) = (0.41,0.39) for similar SrS:Eu, Ce AC-TFEL devices 
with reddish-white emission [20,36]. In the latter, a high luminance was 
achieved with CIE coordinates (x, y) = (0.42,0.48) by stacking 
consecutive layers of ZnS:Mn and SrS:Ce. The white-emission was the 
result of combining the yellow and blue emission from each phosphor 
layer, respectively [20]. Yet this device involves additional processing 
steps since it requires the deposition of two different phosphor layers 
when compared with the SrS:Eu,Ce,K device. Other co-doping systems 
using SrS:Cu,F and SrS:Cu, Cl AC-TFEL prepared by electron beam/-
thermal multi-source evaporation and hot wall deposition show a 
whitish-blue emission with chromaticity coordinates, (x, y) = (0.25,0.
27) and (x, y) = (0.19,0.28) , respectively [37,38]. In these works, the 
EL spectrum exhibits a broadening and a more prominent contribution 
of the red edge than the blue PL spectrum of the SrS:Cu phosphor, which 

gave more evidences of the differences between the PL and EL mecha-
nisms demonstrated in an earlier work [39]. 

Despite of all these research activities, the challenge of developing 
low-cost approaches for the fabrication of white-multicolor ACTFEL 
displays, remains. 

In this work, we demonstrate white light EL from MISIM AC-TFEL 
devices fabricated using ZnS:Eu as phosphor layer and ZrO2 as dielec-
tric layers deposited by ultrasonic spray pyrolysis, which is a low-cost 
and relatively fast and straightforward technique. It does not require 
high vacuum equipment, neither require post-annealing processes. The 
colorimetric characteristics of this device are explored and the emission 
mechanisms are also analyzed and discussed in this work. 

2. Materials and methods 

2.1. Ultrasonic spray coating conditions and fabrication of AC-driven 
devices 

The schematic diagram of the fabricated MISIM device is shown in 
Fig. 1. We used a home-made ultrasonic spray coater to deposit layer-by- 
layer in one step process our AC-driven device. Details of our system can 
be found elsewhere [40]. An oil-free air compressor provided the 
transporting gas for all of our experiments. Approximately one-third of 
the ATO (antimony doped tin oxide) covered substrate was covered with 
a microscope slide to prevent film formation upon upcoming device 
layers. The thin film of ZnS:Eu (emissive thin film) was grown at 420 ◦C 
using a carrier and directional gas flow of 2.0 l min− 1 and 0.8 l min− 1, 
respectively. The emissive layer was sandwiched between two dielectric 
layers of ZrO2. The starting solution for the dielectric film of ZrO2 
consisted of 0.05 M of zirconium (IV) acetylacetonate dissolved on a 
mixture of anhydrous methanol and diethylene glycol monobutyl ether 
in a 9:1 ratio. The deposition time of this film was 3 min, which led to a 
film thickness of 150 nm. The bottom dielectric layer was directly grown 
on top of the ATO substrate while the top dielectric layer was treated 
differently before starting the film by flushing air for 30 s through the 
directional flow duct. Finally, aluminum (purity of 99.999%) electrodes 
with a thickness of 100 nm were thermally evaporated (5–6 x 10− 6 

Torrs) using a shadow mask. The active area of our AC- driven devices 
was determined by the radius of the rear electrode (1 mm). 

2.2. Characterization of thin films and MISIM device 

The crystalline structure of the ZnS:Eu and ZrO2 films were deter-
mined by X-ray diffraction measurements using a Bragg-Brentano UL-
TIMA IV diffractometer with an X-ray source of Cu Kα line (0.15406 nm) 
at a grazing beam configuration angle of 1◦. Cross-sectional scanning 
electron micrographs were obtained using a field-emission ultrahigh- 
resolution Scanning Electron Microscope JEOL- JSM-7800F. Before the 
observation, the samples were manually polished using a tripod polisher 

Fig. 1. Illustration of the AC-TFEL- MISIM structure fabricated by ultrasonic 
spray pyrolysis. 
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(South Bay Technology model 590 TEM). The ACTFEL-MISIM devices 
were driven by applying 10 kHz sinusoidal voltages using a Wavetek 
function generator, model 182A, and a step-up transformer. The peak to 
peak voltages were measured using a Hewlett Packard/1741 oscillo-
scope. The EL signal was collected with a quartz optical fiber, and the 
emission spectra were recorded, in the range from 350 to 800 nm, using 
a Spex Fluoromax spectrofluorometer. The emitting properties of the EL 
devices were measured in dark ambient conditions at room temperature. 

3. Results and discussion 

Fig. 1 shows the schematic diagram of the fabricated MISIM device. 
The X-ray diffraction pattern of the ZnS:Eu film used in the MISIM 

structure is shown in Fig. 2. According to this pattern and the card 
number 01-084-3995 from the PDF-2-(2004) database, the film is 
polycrystalline. All the peaks correspond to the hexagonal wurtzite 
crystalline phase of ZnS, and there is a preferential orientation at 2θ =
28.6◦ and a secondary diffraction peak at 2θ = 51.9◦, which correspond 
to the (002) and (103) planes, respectively. Since Eu is only included as 
an impurity at a low doping level, its incorporation in the ZnS matrix 
could not be verified by XRD. The evidence of the Eu doping into the ZnS 
lattice of these films was given in a previous work by means of electron 
spin resonance (ESR) measurements [40]. The inset of Fig. 2 shows the 
XRD pattern of the ZrO2 thin films used in the MISIM device. According 
to the JCPDS card 50–1089 the 2θ positions of all the diffraction peaks 
correspond to the polycrystalline tetragonal phase of ZrO2. In both cases, 
the average crystallite size was obtained from the full width at half 
maximum of the main diffraction peaks and using the Debye-Scherrer 
formula, without taking into account stress or other effects. Consid-
ering the two main XRD peaks of the ZnS: Eu film and the four XRD 
peaks of the ZrO2 film, the average crystallite sizes were, D = 23.5 nm ±
1.4 nm, and D = 3.9 nm ± 0.8 nm, respectively. 

Fig. 3 Shows the cross-section SEM image of the MISIM - ATO/ZrO2/ 
ZnS:Eu/ZrO2/Al structure. This SEM image illustrates the fact that the 
dielectric or phosphor layer and the interfaces of the as-deposited MISIM 
device, generally contain imperfections, such as pinholes, impurities, 
particulates, and substrate non uniformities. 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 [36,41], before obtaining 
the EL spectra shown in Fig. 4. The healing process given to the 
MISIM-EL devices consisted of applying increasing rms-voltages in steps 
of 10 V for 10 min, from 0 V to the threshold voltage. We proved that it 
was an effective self-healing electrical process because the EL devices 
operated without this process suffered from light emission instability 
and sparks, and catastrophic breakdown at relatively low voltages. 

Fig. 4 shows the EL spectra of the ATO/ZrO2/ZnS:Eu/ZrO2/Al - 
MISIM structure for three rms-voltages; V1 = 56V, V2 = 70V and V3 =

77 V, in the spectral region from 350 to 800 nm. As can be seen clearly 
from the spectrum corresponding to the highest voltage, the emission of 

the MISIM device is composed of several wide and narrow bands in the 
visible range 400–700 nm, corresponding to violet (V), blue (B), green 
(G) and red (R) light, which together produce the white light. Fig. 4 also 
shows clearly that the overall EL emission rises as the voltage increases 
from the turn-on voltage (V1) of the device. The inset of Fig. 4 shows a 
photograph of the white EL emission coming from the surface of the 
MISIM structure, under the application of the rms voltage V3. Due to AC 
power supply limitations, we were unable to increase the rms voltage 
beyond V3 to determine the voltage threshold for device failure. No drop 
in EL emission was observed after 15 min of maintaining the maximum 
voltage V3 applied. 

The white characteristics of the ACEL device were analyzed 
employing the Commission Internationale de l’Eclairage (CIE) chroma-
ticity coordinates. According to the CIE, the color characteristics of any 
light source can be quantitatively described in terms of the three 
tristimulus values (X, Y, and Z), and the corresponding mathematical 
relationships with the three-color matching functions x , y and z . These 
relationships are the following [42]: 

X =

∫

x I(λ)dλ (1)  

Y =

∫

y I(λ)dλ (2)  

Z =

∫

z I(λ)dλ (3)  

where I(λ) is the normalized spectral power distribution of the light 

Fig. 2. XRD pattern of the ZnS: Eu phosphor thin film used in the MISIM-ACEL 
device. The inset shows the XRD pattern of the dielectric ZrO2 thin films used in 
the EL device. Both patterns correspond to films deposited on glass substrates. 

Fig. 3. Cross-sectional image of the MISIM structure, deposited by ultrasonic 
spray pyrolysis on a glass substrate. The bottom layer is ATO, the layer at the 
top is the Al electrode. 

Fig. 4. EL spectra of the MISIM structure fabricated by ultrasonic spray py-
rolysis, with ZnS:Eu as a phosphor layer, sandwiched between two ZrO2 insu-
lating thin films. The RMS voltages are: V1 = 56V, V2 = 70V and V3 = 77 V. 
The inset shows a photograph of the light emitted by the MISIM device under the 
applied voltage V3. 
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source; and λ is the wavelength of the equivalent monochromatic light. 
As the spectra shown in Fig. 4 are such that I(λ) can-not be expressed 
analytically, the integration must be done by graphic, numerical or 
mechanical methods. In our case, we used the CIE recommendation that 
the integration should be carried out by discrete numerical sum, and 
such computation was made using the datasheet, (http://www.cvrl.org/ 
database/data/cmfs/ciexyz31_1.txt) downloaded from the internet, for 
the CIE (1931) 2-deg color matching functions, x , y and z , in steps of 1 
nm, and a computer with Origin 2019 and Python. For the representa-
tion 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)  

where it must be noticed that, x+ y+ z = 1, and therefore the color can 
be represented or expressed in terms of two independent coordinates, 
which are chosen to be (x, y). The CIE coordinates corresponding to the 
light emitted by the MISIM structure for the three applied voltages are 
denoted as the sample coordinates (xs, ys) and are given in Table 1. 
Fig. 5 shows the plot of these coordinates onto the CIE diagram that 
shows the locus coordinates, with labeled hue wavelengths. For the sake 
of comparison, the white point (xi, yi) = (0.31271, 0.32902) of the 
standard CIE illuminant D65 [43], which corresponds to natural noon 
daylight, is also plotted onto the CIE diagram of Fig. 5. The varying 
voltage induces small changes on CIE coordinates, as shown in Fig. 5. 

To further evaluate the visual characteristics of the white EL emis-
sion as a function of voltage, and how close or far is from the white point 
corresponding to the illuminant D65, the dominant wavelength and the 
purity of the light were calculated. The dominant wavelength of a given 
light or color is the single monochromatic wavelength at which occurs 
the intersection between the straight line starting from the white point 
D65, (xi, yi) = (0.31271, 0.32902) and passes through the sample point 
(xs, ys) that represents the given light 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 [44]. Thus, the color purity can be calculated 
using the formula 

Color purity=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xs − xi)
2
+ (ys − yi)

2
√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xd − xi)
2
+ (yd − yi)

2
√ × 100% (5) 

Fig. 6 shows the CIE coordinates of the white point (xi, yi) =

(0.31271, 0.32902) (black circle) and the sample point (xs, ys) =

(0.28981, 0.31687) (black triangle) corresponding to white EL light 
emitted by the MISIM device at the voltage V3, and the intersection of 
the straight line with the locus curve at the point (xd, yd) =

(0.06599, 0.21037) (blue circle) corresponding to the dominant wave-
length of 486 nm. 

As Fig. 5 and Table 1 show, the white EL light emitted by the MISIM 
devices under the lowest rms voltage, V1 = 56V, is shifted 5% from the 

white point toward the blue wavelength of 483 nm, and the shift in-
creases to 10% toward 486 nm as the voltage increases to V3 = 77 V. 
This small shift is consistent with the white appearance of the EL light 
emitted by the ACEL MISIM device (see inset of Fig. 4). 

Since, y = V(λ), is the luminous efficiency function which describes 
the average spectral sensitivity of human visual perception of bright-

Table 1 
CIE chromaticity coordinates of the MISIM EL devices operated at V1 = 56V, V2 = 70V and V3 = 77 V. The coordinates of the white D65 illuminant and the cor-
responding dominant wavelength, color purity and relative luminance are also given in this table.  

EL emission xs  ys  Dominant Wavelength (nm) xd  yd  Color purity % Relative Luminance Y(%) 

Color temperature (K) 

V1 0.29764 0.31359 483 0.07985 0.16525 5.3 74.2 
~7000 

V2 0.28285 0.30323 482 0.08082 0.16239 9.6 67.8 
~9000 

V3 0.28981 0.31687 486 0.06599 0.21037 10 75.5 
~8000 

D65 xi 0.31271  yi 0.32902  – – – 0 Y0 = 78.5  

Fig. 5. 1931 CIE chromaticity diagram showing the color space coordinates of 
the MISIM EL devices operated at V1 = 56V, V2 = 70V and V3 = 77 V, with 
respect to the white D65 illuminant. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. CIE chromaticity diagram showing the straight line for the determina-
tion of the dominant wavelength and purity of the MISIM EL device operated at 
V3 = 77 V. 

M.J. Rivera-Medina et al.                                                                                                                                                                                                                     

http://www.cvrl.org/database/data/cmfs/ciexyz31_1.txt
http://www.cvrl.org/database/data/cmfs/ciexyz31_1.txt


Materials Chemistry and Physics 270 (2021) 124866

5

ness, the tristimulus value Y expressed by equation (2) is directly pro-
portional to the luminous power or flux of the light, and it is called the 
relative luminance or brightness. Table 1 shows that the relative lumi-
nance Y of the EL device for the three rms applied voltages is close to the 
relative luminance of the illuminant D65. Fig. 7 shows the normalized 
EL spectra of the MISIM device along with the normalized spectrum for 
the illuminant D65. As this figure shows the normalized EL spectra of the 
MISIM device have a lower contribution of red and infrared emission 
than the illuminant D65. This is consistent with the slight blue-shift 
concerning the illuminant that shows the results of the quantitative 
colorimetric analysis shown in Table 1. 

The white EL of these MISIM devices can be explained on the basis of 
the four mechanisms that occur in this type of ACTFEL device, 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 phos-
phor, (4) de-excitation of the excited electrons by radiative and non- 
radiative recombination [45]. With the change in polarity, these 
mechanisms are alternated from one to another insulator-phosphor 
interface. Once the electrons are injected by the step 1, they are accel-
erated 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 [20]: E = εi

εidp+2εpdi
V, where εi and εp are the dielectric constant 

of the insulating and phosphor layers, respectively, 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 
some references [46,47], and the thickness of the ZrO2 (di = 150 nm)

and ZnS (dp = 200 nm) films in the MISIM device, 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 dis-
tance x from the interface, they would acquire a kinetic energy, K =

E = eEx. Under these conditions an electron accelerated, 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 for energy transitions 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 case, 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 which 
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% [48]. 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 [49]. 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 cen-
ters [49]. 

From the above discussion on the electroluminescence mechanisms 
it is inferred that the EL emission of the MISIM devices is not only 
determined by the bulk of the phosphor ZnS: Eu film, but is it 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. Since the ZnS: Eu film used in the MISIM 
structure was deposited under the same deposition conditions used in 
our previous work for depositing these films on glass substrates [40,50], 
we explain the EL 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. At this point it is impor-
tant to mention that although Eu is commonly incorporated in many 
luminescent hosts as Eu3+, resulting in red luminescence, the blue 
luminescence of Eu doped ZnS and borate thin films has been shown to 
be a strong indication of Eu incorporation as Eu2+ in these hosts [40, 
50–52]. On the other hand, during the deposition of the ZnS: Eu film 
onto the ZrO2 nano-crystalline film, several chemical processes, and 
homogeneous and heterogeneous reactions can occur, such as, leaching 
of zirconium from the ZrO2 film, and the formation of ZnO sublayers and 
surface functionalization with the ZnS adjacent monolayers [53–55], 
giving rise to incorporation of some Eu impurities as Eu3+ in the ZnO 
and ZnS growing layers and on the surface of the ZrO2 nano-crystalline 
film. During the deposition of the ZrO2 onto the ZnS:Eu film, it is also 
feasible the formation of ZnO sublayers due to surface oxidation of the 
ZnS:Eu film, and the incorporation of Eu3+ on the ZnO surface growing 
layer and on the surface of the ZrO2 nanocrystals. This is consistent with 
the fact that the prominent peaks and edges in the red region of the three 
EL spectra shown in Fig. 4, correspond quite well with intra-ion 5D0 
⇾7FJ (J = 0, 1, 2, 3, 4) 4f-transitions of Eu3+ ions incorporated in ZnS, 
ZnO and ZrO2 nanocrystals or thin films [33,42,56–58], in the region of 
the ZnS: Eu phosphor film, close to the ZrO2–ZnS:Eu interface. 

It is well known that 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 the 
dominant one, but the intensity and width of this and other transitions 
are dependent on the chemical environment [1,59]. Since the doping of 
the ZnS and ZnO sublayers with Eu3+ produces intrinsic defects such as 
interstitials and vacancies of zinc and sulfur, and oxygen vacancies, the 
broad green-yellow emission that exhibit the EL spectra of Fig. 4 may 
also be assigned to radiative transitions between the different defects 
created in the ZnS and ZnO sublayers [28–30,56,60]. Studies on the 
electronic interface properties of a ZnO monolayer on a ZnS sublayer 
have shown that the surface functionalization of these two direct 
bandgap materials with bandgaps larger than 3.4 eV, results in an 
effective surface band gap narrowing from 3.4 eV until 2.8 eV [54]. 
Based on this, we can assume that photons generated from ZnS–ZnO 
inter-band transitions, could contribute to the prominent edge observed 
in the UV region of the spectra of the ACTFEL devices shown in Fig. 4. 

4. Conclusions 

In summary, we have demonstrated a MISIM-ACTFEL device with 
white emission fabricated by ultrasonic spray pyrolysis using ZnS: Eu 
films as semiconducting phosphor layer and ZrO2 as insulating layers. 
The device exhibited white EL emission slightly blueish. The shade of the 
white light was determined from the CIE chromaticity coordinates, 
which resulted 5%–10% close to the illuminant D65. The variation of the 
applied voltage induces small changes in CIE coordinates. 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 

Fig. 7. Normalized EL spectra of D65 illuminant along with that for the MISIM 
device operated at the three different voltages. 
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Eu3+ impurities, and intrinsic point defect levels in the sublayer regions 
adjacent to the ZrO2–ZnS:Eu interfaces. 
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Investigation. Maria Antonietta Loi: Supervision, Writing – review & 
editing. Juan Carlos Alonso-Huitrón: Supervision, Conceptualization, 
Methodology, Resources, Formal analysis, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

We want to thank A. Tejeda for X-ray diffraction technical support, 
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[1] J. Rosa, M.J. Heikkilä, M. Sirkiä, S. Merdes, Red Y2O3:Eu-based electroluminescent 
device prepared by atomic layer deposition for transparent display applications, 
Materials 14 (2021) 1505, https://doi.org/10.3390/ma14061505. 

[2] C. Qi, Y. Zhou, X. Tao, H. Chen, Y. Ouyang, X. Mo, Toward near-white 
electroluminescence with enhanced blue emission from carbon dots in PEDOT: 
PSS/ZnO organic/inorganic hybrid heterojunctions, J. Lumin. 224 (2020), 117230, 
https://doi.org/10.1016/j.jlumin.2020.117230. 

[3] D. Zhao, J. Qian, S. Ye, Y. Li, J. Wang, White electroluminescent devices based on 
hybrid structure with quantum dot color convertors, Opt Express 28 (2020) 
14176–141185, https://doi.org/10.1364/oe.382220. 

[4] J. Zhang, B. Ren, S. Deng, J. Huang, L. Jiang, D. Zhou, X. Zhang, M. Zhang, 
R. Chen, F. Yeung, H. Kwok, P. Xu, G. Li, Voltage-dependent multicolor 
electroluminescent device based on halide perovskite and chalcogenide quantum- 
dots emitters, Adv. Funct. Mater. 30 (2020), 1907074, https://doi.org/10.1002/ 
adfm.201907074. 

[5] J. Zhang, H. Tsai, W. Nie, B. Hu, Enabling AC electroluminescence in quasi-2D 
perovskites by uniformly arranging different-n-value nanoplates to allow 
bidirectional charge transport, Nanomater. Energy 79 (2020), 105413, https://doi. 
org/10.1016/j.nanoen.2020.105413. 

[6] C. Ruan, Y. Zhang, M. Lu, C. Ji, C. Sun, X. Chen, H. Chen, V.L. Colvin, W.W. Yu, 
White light-emitting diodes based on AgInS2/ZnS quantum dots with improved 
bandwidth in visible light communication, Nanomaterials 6 (2016) 1–8, https:// 
doi.org/10.3390/nano6010013. 

[7] Y. He, M. Zhang, N. Zhang, D. Zhu, C. Huang, L. Kang, X. Zhou, M. Hu, J. Zhang, 
Paper-based ZnS:Cu alternating current electroluminescent devices for current 
humidity sensors with high-linearity and flexibility, Sensors 19 (2019) 4607, 
https://doi.org/10.3390/s19214607. 

[8] J. Song, H. Lee, E.G. Jeong, K.C. Choi, S. Yoo, Organic light-emitting diodes: 
pushing toward the limits and beyond, Adv. Mater. 32 (2020), 1907539, https:// 
doi.org/10.1002/adma.201907539. 

[9] M.A. Johar, H.G. Song, A. Waseem, M.A. Hassan, I.V. Bagal, Y.H. Cho, S.W. Ryu, 
Universal and scalable route to fabricate GaN nanowire-based LED on amorphous 
substrate by MOCVD, Appl. Mater. Today. 19 (2020), 100541, https://doi.org/ 
10.1016/j.apmt.2019.100541. 

[10] Y. Shirasaki, G.J. Supran, M.G. Bawendi, V. Bulović, Emergence of colloidal 
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