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a b s t r a c t

This work proposes a novel inorganic electroluminescent (IEL) device with an electric field built-in (EFBI)
technique to reduce its driving voltage and enhance its luminance. The EFBI technique was performed by
charging an electret comprising a silicon dioxide film at different temperatures (25–150 1C) in powder
electroluminescent (PDEL) devices. The driving voltage of the EFBI-PDEL device decreased by 61.4 V (or
20.5%) under the brightness of 269 cd/m2, and its brightness increased by 128 cd/m2 (or 47%) at ac 300 V.
The efficiency of the EFBI-PDEL device significantly increased by 0.827 lm/W (or 45.5%) at ac 300 V. The
proposed EFBI-PDEL device has advantages of a low-temperature process and low cost, and potential for
large-area display applications.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Powder EL devices (PDELs) possess many advantages including
wide viewing angles, wide operating temperature ranges, and
inherent ruggedness [1–3]. PDEL devices are easily manufactured
using a printing process, which possesses advantages including
low-temperature processes, large-area producibilities, and low
cost. PDEL is currently one of many potential technologies in the
field of information display, and has many valuable applications in
backlight units, displays, and billboards. However, the high driving
voltage limits the development of PDEL devices in commercial
applications. Many studies have been proposed to improve the
performance of PDEL devices [4–6]. Kim et al. fabricated an
alternating current inorganic PDEL device with a top-emission
structure [4]. Its efficiency and brightness increased by 50% and
40%, respectively, compared with that with the bottom-emission
structure. In our previous research, a carbon nanotube (CNT)-
incorporated dielectric layer was introduced into PDEL devices to
reduce power consumption and enhance luminous efficiency [6].
An increase of 50% in luminous efficiency was achieved after
single-walled CNTs were added into the devices. This study
introduces a charged electret into a PDEL device to enhance its
device performance. The electret is composed of materials that can
be electrically charged [7–12]. By using a thermal charging
process, electrical charges can be injected into the electret and

trapped in defect sites. The effects of the charging temperature
and time on brightness and efficiency of the PDEL device are
investigated.

2. Experimental methods

The fabrication process of the proposed PDEL device, called the
electric field built-in (EFBI)–PDEL device, is divided into three
parts: the top substrate process, the bottom substrate process, and
the EFBI process. The top and bottom substrates were combined
and sealed to form the EFBI-PDEL device. The detailed fabrication
processes are as follows:

This experiment used flexible transparent substrates (polyethy-
lene terephthalate, PET) as the top and bottom substrates. An
indium-tin-oxide (ITO) film with a thickness of approximately
180 nm was first sputtered on the top substrate. A ZnS-based
phosphor (DuPont LuxPrint 8150L paste) was then coated by using
screen printing, and then baked at 130 1C for 10 min. The thickness
of the phosphor layer was approximately 40 μm. Finally, a dielec-
tric layer (BaTiO3, DuPont LuxPrint 8153 paste) was coated on the
phosphor layer by using screen printing, and then baked at 130 1C
for 5 min. The thickness of the dielectric layer was approximately
14 μm. Fig. 1(a) and (b) shows the cross-section and plane-view
SEM photographs of dielectric/phosphor layers. The particle sizes
of the phosphor and dielectric layer are approximate 1573 and
0.670.2 μm. In the bottom substrate process, an ITO film was
deposited by radio frequency (RF) sputtering. Thereafter, silicon
nitride (SiNx) and silicon oxide (SiOx) thin films were deposited
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continuously by using plasma-enhanced chemical vapor deposi-
tion (PECVD) as a charge protection and an electret layers,
respectively. The deposition temperature was 130 1C, and the RF
powers were 340 W and 300 W for the SiNx and SiOx films,
respectively. Fig. 2 exhibits the cross-section SEM photograph of
the SiOx/SiNx/ITO thin films. The thickness of the SiOx/SiNx/ITO thin
films are approximate 160/250/180 nm. The equivalent dielectric
constant of SiNxþSiOx film measured from the capacitance-voltage
characteristics was 4.9. The area of the devices is 4.25 cm�4.25 cm.
This experiment uses a corona charging system to charge the electret,
as shown in Fig. 3. The charging process was divided into three
steps: (1) pre-annealing at 50 1C for 10 min, (2) thermal charging at
a temperature of 25–150 1C for 5–30min, and (3) post-annealing at
50 1C for 10 min. Heating in the charging process could increase the
opportunity of charge trapping in deep-level defects, and hence,
enhance the accumulated charges in the electret [13]. The charging
ambient air was at a pressure of approximately 760 Torr. The distance
between the grid and the SiOx layer was 10 cm, and the space between
the corona bar and the grid was 5 cm. The voltages of the charging bar
and the grid were 15 kV and 2 kV, respectively. After charging, the
top and the bottom substrates were bonded together using a lamina-
tion machine to complete the device process. The luminance was
measured by a luminance colorimeter (KLEIN, K8).

3. Results and discussion

The structures and equivalent circuit models of the traditional
PDEL device and the proposed EFBI-PDEL device are shown in

Fig. 1. (a) cross-section and (b) plane-view SEM photographs of dielectric/phos-
phor layers.

Fig. 2. The cross-section SEM photograph of the SiOx/SiNx/ITO thin films.

Fig. 3. Schematic diagram of the corona charging system used in this study.

Fig. 4. Schematic structures and device circuit model of the traditional PDEL device
and the proposed EFBI-PDEL device.
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Fig. 4. The phosphor layer is defined as a capacitor (CP) parallel to a
zener diode (DP). The dielectric layer is defined as capacitor (CD).
The electret can be charged to produce a built-in electric field, and
is defined as an equivalent voltage Vbi. According to Kirchhoff's
circuit laws, the external voltage (Vop) and the build-in voltage
(Vbi) are in series connection with each other. Therefore, the
driving voltage of the charged EFBI-PDEL device is defined as
Vtot¼VopþVbi. By adding extra Vbi in the PDEL device, the external
driving voltage can be reduced.

This study used simulation software (Silvaco, ATLAS) to locate the
built-in electric field in the PDEL devices. The charge densities were
assumed at 5.7�10–7, 6.7�10–7, 9.6�10–7, and 1.5�10–6 C/cm2.
The built-in potential can be calculated from the built-in charge
density using the following equation [14]:

V ¼ Q
ε1 � ε0=d1þε2 � ε0=d2

ð1Þ

where ε1, ε2 are the dielectric constants, ε0 is the permittivity of the
vacuum, and d1, d2 are the thicknesses of the silicon oxide and silicon
nitride films, respectively. In this study, ε1, ε2, d1, and d2 are 3.8, 7.5,
300 nm, and 500 nm, respectively. The calculated built-in electric
fields at the interface between the dielectric layer and the electret
were 1.38�105, 1.64�105, 2.41�105, and 3.74�105 V/cm, and the
calculated Vbi were 23.2, 27.3, 39.2, and 61.4 V for the charge
densities of 5.7�10–7, 6.7�10–7, 9.6�10–7 and 1.5�10–6 C/cm2,
respectively. The simulation results show that the built-in electric
field existing inside the EFBI-PDEL device depends on the built-in
electric charge density on the electret.

Fig. 5 shows the brightness of the EFBI-PDEL devices charged at
different temperatures as a function of driving voltages (rms). The
charging temperature is 25 1C, 50 1C, 100 1C, and 150 1C for 30 min.
The brightness and driving voltage of the devices is shown in
Table 1. Results showed that with the rise of charging temperature
from 25 to 150 1C, the brightness increased from 13% to 47%
compared with the uncharged device. At a fixed brightness of
269 cd/m2, the driving voltage decreased from 7.7% to 20.5%, as
shown in Table 1. The optimal charging temperature is 150 1C in
this study. A further increase in charging temperature is prohibited
because of the limitations of the equipment. The enhanced device
performance is due to the charges in the electret possessing more
energy at higher temperatures and being able to be trapped at
deeper levels, which produces more stable trapped charges and
higher charge densities, thus causing a larger built-in electric field
in the devices [13,15].

The brightness of the EFBI-PDEL devices with different char-
ging times as a function of driving voltage (rms) was also explored,
as shown in Fig. 6. Charging time varies from 5 min to 30 min at
150 1C. The brightness and driving voltage of the devices are listed
in Table 2. Results showed that the brightness increased from
11.9% to 47.6% when charging time increased from 5 min to
30 min, compared with that of the uncharged sample. At a fixed
brightness of 269 cd/m2, the driving voltage decreased from 7.6%
to 20.46%. The optimal charging time is 30 min in this study. A
further increase in charging time would deteriorate the device
performance because of surface damage to the electret caused by
strong corona plasma.

Fig. 7 displays the luminance images of the uncharged and
charged EFBI-PDEL device. The driving voltage is at ac 300 V (rms)
and the charging temperature and time are 150 1C and 30 min,
respectively. The brightness increased from 269 to 397 cd/m2

when a built-in electric field was introduced in the PDEL device.
Results show that the EFBI technique effectively enhanced the
luminance of PDEL devices. The improved brightness in the
charged device is caused by the built-in electric field further
accelerating electrons in the conduction band of the phosphor
layer and increasing the electron energy, thus causing more
impact excitation with luminescent centers of the phosphor at a
lower bias voltage.

Fig. 5. Brightness of the EFBI-PDEL devices charged at different temperatures as a
function of driving voltage (rms).

Table 1
Brightness and driving voltages of the PDEL devices with difference charging
temperatures.

Uncharged
device

Charged devices

Charging temperature (1C) @ 30 min – 25 50 100 150
Brightness (cd/m2) @ 300 V 269 304 313 342 397
Driving voltage (V) @ 269 cd/m2 300 276.8 272.2 260.8 238.6

Fig. 6. Brightness of the EFBI-PDEL devices with different charging times as a
function of driving voltage (rms).

Table 2
Brightness and driving voltages of the PDEL devices with difference charging times.

Uncharged
device

Charged devices

Charging time (min) @ 150 1C – 5 10 20 30
Brightness (cd/m2) @ 300 V 269 301 318 341 397
Driving voltage (V) @ 269 cd/m2 300 277.2 268.2 258.0 238.6
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To understand the mechanism of the enhanced efficiency for
the EFBI-PDEL devices, Fig. 8(a) and (b) shows the energy band
diagrams of the traditional PDEL and EFBI-PDEL devices, respec-
tively, biased by a positive voltage. The electric field in the
traditional PDEL device completely results from the external
voltage source applied between the top and bottom electrodes.
For the EFBI-PDEL device, the charged electret might store positive

charges, and thus, increase the electrical field in the device. This
results in an increase in the slope of the energy band in the
phosphor layer, and hence, raises the electron energy to cause
more impact excitation with luminescent centers at lower bias
voltages, as shown in Fig. 8(b). For the negative bias, the charges in
the electret might reduce the barrier potential of electron injection
into the phosphor layer and increase the collision between the
luminescent centers and electrons, thus enhancing the luminance
of the device [16].

Fig. 9 shows the efficiency of the traditional PDEL device and
the proposed EFBI-PDEL devices as a function of driving voltage
with different charging temperatures. The efficiency is calculated
by the following equation [17]:

η¼ π � L
I � V

, ð2Þ

where L is the measured luminescence, I is the measured current,
and V is the applied voltage. The efficiency of the EFBI-PDEL
devices was found to increase with increasing charging tempera-
ture. The efficiency of the 150 1C-charged EFBI-PDEL device sig-
nificantly increased by 45.5% (or 0.827 lm/W) at a driving voltage
of 300 V, compared with the uncharged device. Fig. 10 shows the
efficiency stability of the PDEL devices under ac 100 V. After a
500-h test, the EFBI-PDEL device still has a higher efficiency
than the traditional PDEL one. Particularly, the efficiency of the
EFBI-PDEL device almost did not change from 250 to 500 h. This

Fig. 7. Luminance images of the (a) uncharged and (b) 150 1C-charged PDEL devices.

Fig. 8. Energy band diagrams of (a) the traditional PDEL device and (b) the EFBI-
PDEL device.

Fig. 9. Efficiency of the EFBI-PDEL device as a function of driving voltage with
different charging temperatures.

Fig. 10. Efficiency stability of the PDEL devices under ac 100 V.
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result reveals that the developed EFBI-PDEL device may be applied
over the long term.

4. Conclusion

This study developed a novel EFBI-PDEL device by using a
corona charging system to charge an electret at different tem-
peratures. The existing built-in electric field in the electret
lowered the driving voltage of the IEL device, and thus, increased
its luminance. At the brightness of 269 cd/m2, the driving voltage
of the EFBI-PDEL device charged at 150 1C decreased by 61.4 V (or
20.5%), and when under the ac voltage of 300 V, the brightness of
the EFBI-PDEL device increased by 128 cd/m2 (or 47%), compared
with the uncharged device. The decreased driving voltage and
enhanced brightness resulted because the built-in electric field
raises the electron energy in the conduction band of the phosphor
layer, and thus, more electron impact ionization occurs to enhance
luminance. The proposed EFBI-PDEL device possesses good stabi-
lity and has potential applications in the backlights of LCD and flat-
panel displays in the future.
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