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Alternating current thin film electroluminescent devices have been fabricated using aluminum-doped zinc oxide
(Zn0:Al) as transparent conducting layer, aluminum oxide (Al,O3) as insulating layers, and manganese-doped
zinc sulfide (ZnS:Mn) as electroluminescent layer. All these films were deposited by the ultrasonic spray
pyrolysis technique at the same temperature (450°) on glass substrates, forming a standard MISIM (metal-
insulator-semiconductor-insulator-metal) configuration. The electroluminescence of MISIM devices with a
total thickness of ~1330 nm was investigated by applying a sinusoidal voltage with a frequency of 10 kHz. The
devices showed orange-emission spectra centered at approximately 570 nm, characteristic of “T; — °A; radiative
transitions of Mn? " ions in the ZnS host, with a sharp intensity increase upon increasing the root mean square
voltage above a threshold of 25V and a rapid saturation for voltages higher than 38 V. The electroluminescent

ZnS:Mn emission of these MISIM structures can be observed with the naked eye under ambient illumination.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction [4,8-10], electron-beam evaporation [11-13], and thermal evaporation

Although at present there are many technologies for the fabrication
of flat panel displays, such as liquid crystals, plasmas, field emission
displays, and organic light emitting diodes, alternating current thin
film electroluminescent (ACTFEL) devices continue being of interest
because they offer several advantages compared to other types of flat
panel displays, such as: complete solid state nature and hardness,
lightweight, high transparency and high luminance [1-4]. A typical
ACTFEL device consists of a MISIM multilayer structure, which is usually
deposited on a transparent glass substrate. In the standard MISIM
configuration the bottom electrode (M) is a transparent conducting
layer deposited on the glass substrate, then the bottom insulating
layer (I), the semiconducting (S) “phosphor” layer, and the top insulating
(I) layers are deposited, and finally, a top reflecting electrode (M). There
is a wide variety of materials and deposition techniques that have been
used for preparing the layers incorporated in a MISIM structure. The
most common transparent electrode material used in a standard
ACTFEL is indium tin oxide (ITO), however many other transparent
conducting oxides (TCO) such as SnO,: (Sb, F, As, Nb, Ta), and ZnO: (Al,
In, Ga, F), etc. have also been used [1,5,6]. Due to its high luminescence
and its isovalent nature, which leads to more ideal ACTFEL device
operation, ZnS:Mn has been the most common “phosphor” layer used
for commercial, research and development ACTFELs [7]. The techniques
more used for depositing these ZnS:Mn layers have been: sputtering
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[14-16]. With the purpose of fabricating multicolor or full color ACTFEL
devices, other oxide-based and sulfide-based materials, prepared by
sputtering, electron beam and thermal evaporation, have also been
investigated [2,3,15,17]. With respect to the insulating layers used for
ACTFEL devices, which must meet the stringent requirements of having
high dielectric constant and high electric field strength [1], although
Y,03 prepared by sputtering and electron-beam evaporation has been
extensively used [3,4,9,13,15], many other insulators prepared by the
same techniques, such as: Sm,03, Eu,05, MgF,, AlTiO, SiO,, Al,05 and
HfO, have been investigated [1-3,8,12,14,18].

In this work we report the preparation of MISIM-ACTFEL devices
using films of: ZnO:Al as TCO layer, Al,05 as insulating layers, and ZnS:
Mn as phosphor layer, all-prepared by the ultrasonic spray pyrolysis
technique, which has the advantage of simplifying and reducing costs
of fabrication, because this technique is relatively simple and it does
not require vacuum systems. The spray pyrolysis technique, in the
pneumatic version, has been previously used for preparing ZnS:Mn
luminescent films [19], and these films have been used in ACTFEL devices
fabricated with SnO,:Sb deposited by RF sputtering as TCO layer, and
SiO, deposited by plasma enhanced chemical vapor deposition as
insulating layers [20]. ZnS:Tb,Ag films deposited by pneumatic spray
pyrolysis have also been used in ACTFEL devices [21]. ZnO:Al films with
adequate properties as TCO layers have been recently deposited by
pneumatic spray pyrolysis [22-24]. On the other hand, Al,O3 films with
violet-blue photoluminescence [25] or with good insulating prop-
erties [26,27] have been prepared by the ultrasonic spray pyrolysis
technique. Based on these previous works, we were motivated to
fabricate and characterize ACTFEL devices, in which all the stacked
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films (Zn0:Al/Al;05/ZnS:Mn/Al,03) were deposited by the ultrasonic
spray pyrolysis technique.

2. Experimental details

The schematic illustration of our MISIM devices is shown in Fig. 1 All
the thin films conforming the MISIM structures were deposited by the
ultrasonic spray pyrolysis technique at atmospheric pressure and at
substrate temperature of 450 °C. The substrates were 2.5 x 1.5cm? corning
glass slices, which were ultrasonically cleaned with trichloroethylene,
acetone and methanol, before film deposition. With this cleaning
procedure the films exhibited good adherence to the substrates and to
the preceding films. The start solution used for depositing the transparent
conducting film of aluminum doped zinc oxide (ZnO:Al) was made with
0.2 mol/l zinc acetate dehydrate (Zn(CH3COO), 2H,0) and 5 at% of
aluminum acetilacetonate (Al(CsH;0,)3) with respect to the zinc acetate,
diluted with 8.5 parts of anhydrous methanol and 1 part of deionized
water and 1 ml of acetic acid. The precursor solution for depositing the
insulating films of Al,03, was made with 0.05 mol/l of aluminum
acetilacetonate diluted into 1 part of anhydrous methanol, 3 parts of
deionized water and 3 ml of acetic acid. The active layer of ZnS:Mn was
deposited from a precursor solution prepared with 0.033 mol/I of zinc
acetate dehydrate C4Hg04Zn2H,0, 0.033 mol/I of 1,3-dimethyl-2-thiourea
CH3NHCSNHCH3 and 5 at.% of manganese (II) chloride reagent
MnCl,4H,0, diluted with 1 part of isopropyl alcohol and 1 part of
deionized water and 3 ml acetic acid. All the precursor solutions were
mixed at room temperature for 10 min with a magnetic stirrer, at the
rate of 120 rpm, and they were not heated at all during deposition.
Clear and transparent solutions were obtained after the stirring process.
An experimental set up similar to that shown in reference [28] was
used. In this system, the aerosol generated by the ultrasonic nebulizer is
conveyed by a carrier or transport gas toward the deposition zone
(deposition chamber at atmospheric pressure), where it pyrolyzes on
the heated substrate. This system also allows us to introduce a director
gas at the top of the deposition zone for increasing the velocity of the
droplets arriving on the heated substrate, without altering the flow rate
of the aerosol carrier gas. The carrier and director gases were air for all
the deposits, whose flow rates were constant and fixed at 3.5 I/min
and 1.5 I/min, respectively. The first thin film deposited over the
glass substrate was the transparent conducting contact (electrode 1) of
ZnO:Al. This film was deposited during 10 min at a deposition rate
of ~100 nm/min, giving a final thickness of ~1000 nm. The thickness of
each insulating film of Al,0;3 was ~90 nm, with a deposition rate of
~13nm/min, and a deposition time of 7min. The thickness of the emitting
ZnS:Mn layer sandwiched between the two Al,O3 insulating layers, was
~150 nm. In this case the deposition rate and time were ~12.5 nm/min
and 12 min, respectively.

A pattern of circular dots of aluminum (Al) electrodes with diameters
~1.15 mm and thickness of ~200 nm were deposited by thermal
evaporation through a metallic mask onto the top insulating Al,O5 film.
This pattern defined an arrangement of ~6 x 4 = 24 electroluminescent

Electrode 2

Electrode 1 Al
Al,O,
ZnS:Mn
Al,O,
ZnO: Al
Glass substrate

Fig. 1. Schematic illustration of the MISIM structure.

devices per substrate with circular emitting areas of around 1.04 mm?.
The electroluminescent (EL) emission characteristics of these devices
were investigated by applying sinusoidal voltages with a frequency of
10 kHz. The EL signal was collected using a quartz optical fiber, and
measured in the range from 450 to 700 nm with a Spex-Fluoromax
spectrometer. The root mean square (RMS) voltages applied to register
the electroluminescent spectra of the devices, in the entire operation
region from threshold to saturation, were: 25, 32, 38, 42, 51 and 67 V.
The crystalline structure of the luminescent ZnS:Mn film was deter-
mined by X-ray diffraction measurements using a SIEMENS D500
difractometer, with an X-ray source of Cu Ky, line (0.15406 nm), at an
incidence angle of 1° (grazing beam configuration).

3. Results and discussion

According to the X-ray diffraction pattern shown in Fig. 2, the ZnS:
Mn film used in the MISIM structures, was polycrystalline, where the
main diffraction peak at 26 = 28.49° and the other smaller peaks located
at 26.82°, 30.45°, 39.61°, 47.57, 51.75° and 56.39° were identified to
originate from the (002), (100), (101), (102), (110), (103) and (112)
planes of the hexagonal wurzite phase of ZnS, respectively. Information
on the crystallite sizes was obtained from the full widths at half
maximum of the diffraction peaks, using the Scherrer equation, without
considering stress or other effects, and the sizes were in the range from
~31nm to ~62 nm.

Fig. 3 shows a typical photoluminescence (PL) spectrum of a ZnS:Mn
phosphor layer with an excitation wavelength of 325 nm from the
xenon lamp of the Spex-Fluoromax spectrometer, along with the
electroluminescent (EL) emission spectrum of the MISIM structure
incorporating this ZnS:Mn film, obtained with an amplitude of the
exciting voltage of V(RMS) = 42 V. Both, PL and EL spectra show only a
peak centered at ~573 nm which can be associated with the characteristic
4T; — %A, emission of Mn?>™ ions in the ZnS host [29]. Although the
wavelength position of this peak varies in the range from 572 nm to
600 nm, depending on the crystalline phase, or whether this material is
in the form of bulk, thin film, nanoparticles or nanocrystals, the existence
of stress, excitation wavelength, Mn concentration, etc., at present it is not
clear how this position depends on all these aspects [16,19,29-33].

The EL spectra of MISIM structures were obtained for different RMS
voltages. Fig. 4 shows the typical EL spectra of a MISIM structure with a
whole thickness of ~1330 nm [ZnO:Al (1000 nm)/Al,05 (90 nm)/ZnS:
Mn (150 nm)/Al,05 (90 nm)], for the threshold voltage V1 =25V, and
V2 = 32V, meanwhile Fig. 5 shows the EL spectra of the same MISIM
structure for the higher applied voltages of V3 = 38V, V4 = 42V,
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Fig. 2. X-ray diffraction pattern of the ZnS:Mn phosphor layer used in the MISIM structures
prepared by ultrasonic spray pyrolysis.
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Fig. 3. Typical PL @ and EL O spectra of the ZnS:Mn film and the MISIM structure with ZnS:
Mn film as a phosphor layer prepared by ultrasonic spray pyrolysis. In this case the EL
spectrum of the MISIM structure was obtained at 42 V (RMS).

V5=51V,and V6 =67V. As can be seen from Fig. 4 the peak EL intensity
increases by one order of magnitude as the applied voltage increases
from the threshold voltage V1 to V2. Then as Fig. 5 shows, for the
applied voltage V3 the peak EL intensity increases by two orders of
magnitude compared with that obtained with the previous voltage V2,
and for the next voltages the peak EL intensity continues increasing
but within the same order of magnitude.

The plots of the peak and integrated EL intensity with respect to the
applied RMS voltage are presented in the semi-logarithmic form in
Fig. 6. As can be seen, both plots have the same behavior of a high initial
slope just above the threshold voltage (V1 = 25 V) and a rapid
saturation above V3 = 38 V. The basic physics of the operation of the
device, which occurs when an enough high electric field (above the
threshold voltage) is applied across the phosphor, can be explained in
terms of four main processes [1]: (1) injection by tunnel emission of
electrons from the phosphor/insulator interface, (2) acceleration of
electrons to high energies, (3) electron impact excitation of the
luminescent centers in the phosphor, and (4) de-excitation of the
excited electrons in the luminescent center by radiative or non-
radiative recombination. Based on these mechanisms, the increase of
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Fig. 4. EL spectra the MISIM structure prepared by ultrasonic spray pyrolysis, with ZnS:Mn
film as a phosphor layer, for the threshold RMS voltage V1 =25V, and V2 = 32 V. The
intense of the peak is 4.4 x 10° (a.u.) and 8 x 10* (a.u.), respectively.
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Fig. 5. EL spectra the MISIM structure prepared by ultrasonic spray pyrolysis, with ZnS:Mn
film as a phosphor layer, for the RMS voltages: V3 =38V,V4=42V,V5=51V,and V6 =
67 V. The intense of the peak is 3.3 x 10° (a.u.), 5.3 x 10° (a.u.), 7.3 x 10° (a.u.), and
9.3 x 10° (a.u.), respectively.

the EL intensity with the applied voltage can be directly explained as a
result of the increase in the amount and the energy of injected electron,
with the consequent increase in the amount of excited and de-excited
Mn?" luminescent centers. This also explains the saturation of the EL
device at the highest voltages, as the situation where almost all the
luminescent centers in the phosphors have been excited. It is important
to note that the high initial slope of EL intensity vs voltage observed in
the plots of Fig. 6 is indicative of a high device efficiency. Although in
this work we could not measure the EL efficiency of these devices,
another indicative of their high efficiency is that their EL emission
above the threshold voltage could be observed with the naked eye
under ambient illumination. In consistency with this, there were not
important heating effects on the device, which means a low rate of
non-radiative recombination of the excited Mn?* luminescent centers
in these devices. The threshold voltage of these EL devices is relatively
low compared with those reported previously for optimized MISIM EL
devices. Here it is also worth to mention that these ACTFEL were stable
and reproducible from one test area to the next.
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Fig. 6. Peak EL and integrated EL versus RMS voltage plots, for the MISIM structure all-
prepared by ultrasonic spray pyrolysis.
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4. Conclusions

In summary, MISIM — alternating current thin film electrolumi-
nescent devices have been all-fabricated by ultrasonic spray pyrolysis,
using ZnO:Al as transparent conducting layer, Al,Os as insulating layers
and ZnS:Mn as the semiconductor phosphor layer. The EL intensity vs
voltage characteristics of these MISIM EL devices, show a low threshold
operation RMS voltage, a high slope and rapid saturation. These results
indicate that these MISIM devices prepared by this simple and cheap
technique have potential to compete with similar devices fabricated by
other standard and more expensive vacuum-deposition techniques.
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