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Abstract AC powder electroluminescent lamps have been

known and used for many years, but their mechanism of

operation is still debated. Many thousands of phosphors are

known, but the vast majority are not electroluminescent. A

number of materials do exhibit the effect. Of these, how-

ever, ZnS doped with Cu is absolutely in a class of its own,

and is the only material from which viable lamps can be

made. In this work studies have been made of the perfor-

mance of devices under a range of pulsed and continuous

excitation conditions and new hypotheses presented which

attempt to explain the behavior of this unique material.

1 Introduction

The phenomenon of electroluminescence was first discov-

ered by Round in 1907 [1] while working on silicon car-

bide. Later Lossew [2] also observed the effect. The field

did not really take off, however, until the pioneering work

of Destriau in the thirties who worked on copper-doped

zinc sulphide [3].

The 1950s and 60s saw a large number of publications in

this field stimulated by interest to use the effect for dis-

plays, and there have been several reviews published [4–7].

Currently two basic types of lamps are in use, those based

on thin film structures and others based upon powdered

phosphors and it is this latter type which will be discussed

herein.

In the last few years, however, due to the emergence of

alternative light sources with improved brightness, power

consumption and longevity, the applications of AC powder

electroluminescent lamps ACELs have retreated into niche

areas where their particular properties gives them advan-

tages. Their main attributes are that they are simple, low

cost, thin, flexible, lambertian emitting light sources that

are easy to fabricate using basic equipment. These appli-

cations include throw away adverts in the form of badges,

tee shirts, large scale adverts and other forms of signage,

backlights for instrument panels and various military uses

such as mobile landing lights and subdued cockpit lighting

(making use of the none directional emission of the lamps).

ACELs can be printed onto virtually any surface

[4, 8–12]. Figure 1 shows a typical structure. The precise

construction details depend upon the end-use and for

example for (relatively) low voltage applications and

double sided ACELs the dielectric layers may not be

included [9]. In Fig. 1 the substrate is indium tin oxide

(ITO) coated polyethylene terephthalate (PET). One of the

electrodes must be transparent to observe EL.

Since the days of Destriau in the 1930s, various mate-

rials have been found that exhibit the electroluminescent

effect, but none comes close to matching the performance

of the copper-doped zinc sulphide that he worked on and

even today this unique material is the only phosphor used

in commercial devices. Although it has been known for

more than 80 years, there is still much we do not know

about the operation of this material. Though, of course, its

formulation and synthesis has constantly been improved,

giving it a longer working life and better emission

properties.

In this paper the theories of operation of ACELs will be

discussed in the light of recent research findings in this

laboratory.
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2 Experimental

The ACELs used in this work were made at Brunel

University London using phosphor powders supplied by

GTP Osram-Sylvania. Double-sided ACELs were made

either using an indium tin oxide (ITO) on PET sheet as one

electrode and poly(3,4-ethylenedioxythiophene) poly-

styrene sulfonate (PEDOT:PSS) from Orgacon, Kodak as

the counter-electrode, or using PEDOT:PSS for both

electrodes. In the latter case a two-part silicone binder was

used to carry the phosphor and to stick the electrodes

together. No high-k dielectric layers were incorporated into

these lamps.

Quantitative measurements of radiance and luminance

were made using a Jeti Specbos 1201 spectroradiometer.

Cathodoluminescence (CL) images of ZnS:Cu crystals

were made using a Zeiss Supra 35VP field emission

scanning electron microscope (FESEM) fitted with a light

pipe and photomultiplier. This measurement technique has

recently been described by us [13].

Measurements of the pulsed output of ACELs were

made using the apparatus layout shown in Fig. 2. The

spectrometer system was supplied by Bentham Instruments

(UK), and the ACELs were energised by waveforms pro-

duced by a Tabor WW5062 Arbitrary Waveform Generator

backed-up by a Newtons’ 4th LPA400 amplifier.

3 Results and discussion

As mentioned above, in this work ZnS doped with copper

and chlorine, was used, which in terms of its ACEL per-

formance is a unique material, and therefore it is worth-

while discussing its complex properties and trying to

understand what makes it so special. Increasing the copper

concentration in this phosphor causes the emission to

change in colour from blue to green. Changing the halide

content also effects this transition in colour, and switching

the halide from chlorine to bromine results in ACELs that

are predominantly blue (see references quoted in Ref. [6]).

Adding manganese to the phosphor results in initially green

and orange emission until at high concentration the orange

manganese emission completely replaces the green emis-

sion, suggesting an energy transfer process. Notably,

however, without copper there is no ACEL activity.

Zinc sulphide can exist in both cubic and hexagonal

forms and both can be made into ACEL active materials

[14]. In addition to these two crystal structures various

polytype structures are present with crystal structures that

are intermediate between cubic and hexagonal. For exam-

ple, Fig. 3 illustrates a CL image of commercial ZnS:Cu,Cl

particles used for ACEL devices reported herein. The CL

emission is often highly irregular with many particles

having lamellar structures with alternating light and dark

bands that most probably result from stacking faults

introduced during the mechanical stressing stage used in

the processing of the phosphor particles. The stacking

faults introduce some cubic layers into the hexagonal phase

made at high temperature. This leads to many different

Fig. 1 Typical construction of an ACEL lamp

Fig. 2 Layout of measuring system for measuring the pulse

behaviour of ACELs Fig. 3 CL image of ACEL phosphor particles
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polymorphs being present in the final ACEL powder. It is

also possible that at the stacking faults some segregation of

dopants takes place between the structures.

This brings us onto the method of production of this

material, which is singular. The process used is described

in commercial patents [15] and consists of a high temper-

ature firing at e.g. 1050–1400 �C, followed by a controlled

mechanical damage process, followed by a short, low

temperature firing e.g. at 500–1000 �C. It is common for

phosphors to have a first firing, followed by milling (to

reduce particle size and improve dopant dispersion), fol-

lowed by a final, forceful high-temperature firing to ensure

the lowest possible levels of crystalline defects. The

mechanical damage stage in ACEL manufacture, however,

is not intended to reduce particle size, and the low tem-

perature firing is not designed to and is unlikely to remove

all defects that it creates. It does not result in the trans-

formation to the pure cubic form from the hexagonal form

(which is the stable high temperature form), and com-

mercial materials invariably contain both crystalline forms.

Instead the process appears designed to ensure that con-

trolled amounts of disorder are present in the lattices. The

precise details of how best to accomplish this controlled

damage stage are commercially secret, and although

numerous phosphor manufacturers have attempted to make

these materials, very few can compete with the perfor-

mance of the best quality materials.

Figures 4, 5 and 6 show typical performance charac-

teristics of ACELs. Generally, as the voltage is increased

there is a voltage threshold below which ACEL emission

does not appear to occur. However if the ACELs are turned

on in absolute darkness then traces of light emission can be

detected using photomultiplier tubes at about 11 Volts

[16], below this voltage any light emission is lost in the

noise but cannot be ruled out. However to see the light by

Fig. 4 Effect of frequency on

the luminescence spectrum from

a blue–green phosphor,

(symmetrical, bipolar square

wave excitation)
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Fig. 5 Effect of frequency on the radiance of ACELs with blue and

blue–green phosphors, (symmetrical, bipolar square wave excitation)

Fig. 6 Effect of voltage and frequency on the luminance of a blue–

green ACEL (symmetrical, bipolar square wave excitation)
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eye it is necessary to pass the threshold voltage, and once

this happens there is a steady increase in radiance and

luminance with voltage. Increasing the frequency also

increases the radiance in a near linear way, but also results

in a shift in emission colour from the green line to the blue.

The frequency threshold of this colour shift depends on the

dopant content with low levels of Cu favouring blue

emission and high levels green. Microscopic examination

of ACELs indicates that particles of all sizes undergo this

transition, although it is unclear as yet whether the spec-

trum emitted from each particle is identical.

Various theories have been proposed to explain the

ACEL mechanism (see for example discussions in [5, 6]).

Most involve a two-stage process with the introduction of

carriers (electrons and holes) from specific initiation sites,

followed by their recombination at luminescent centres.

Zalm [14] suggested the initiation sites were copper sul-

phide precipitates on the surfaces of the crystals. More

recently, however, it has been demonstrated that the

material does not lose its ACEL activity even if the par-

ticles are aggressively etched to a fraction of their initial

diameters [17].

The most widely accepted theory of operation is that due

to Fischer [18, 19], who suggested that the initiation sites

were copper sulphide precipitates, which injected carriers

into the matrix via a field emission process. Certainly, the

voltage threshold supports a field emission mechanism. In

addition the presence of precipitates is very controversial.

Several groups, including our own, have searched at length

for these precipitates using, for example, scanning and

transmission electron microscopy, but without success

[20].

Perhaps a more fundamental consideration is that pre-

cipitates should form from a ZnS solution saturated with

copper, and that being the case it is hard to understand that

increasing the copper concentration changes the colour of

the fluorescence, indicating that the quantity of copper in

solution within the matrix is changing. This suggests that in

fact the matrix is not saturated with copper and that

therefore no precipitates would be expected.

Given the unique production process in which defects

are deliberately introduced and are apparently essential,

together with the need for copper, we would like to suggest

that the initiation sites could be where copper has diffused

into defect sites such as dislocations and grain boundaries.

Such segregations are well known in materials science

[21, 22] and are driven by the need to minimise interfacial

energy. They can occur at solute concentration well below

saturation levels. The final low temperature firing then can

be understood in terms of facilitating this segregation,

without causing wholesale recrystallization of the matrix.

Such segregation would form structures of a fraction of a

single monolayer and would be very difficult to detect, for

example by microscopy or X-ray diffraction. Relatively,

small amounts of copper need be used for this purpose

leaving the remainder free to form luminescent centres.

The apparent near linear shape of the voltage-radiance

curves has been explained in terms of space charge limi-

tation [6]. In essence the carriers injected create space

charges that shield the initiation sites from the field and cut

off further carrier injection. In support of this theory, in this

work it was noted that irradiation of working ACELs with

365 nm ultraviolet radiation (at ACEL voltages and UV

intensities well below that required for phosphor satura-

tion) resulted in complete suppression of ACEL activity. It

appears that the carriers generated by the ultraviolet radi-

ation very effectively shield the initiation sites from the

field.

As can be seen from Fig. 5, the radiance is near linearly

related to the number of cycles per second even up to

20 kHz, suggesting that the carrier injection stage is ter-

minated very quickly.

The light output of conventional ACELs is not contin-

uous but shows a series of pulses, at low frequencies,

although these run together at higher frequencies. The

magnitude of successive pulses shows a very slight polarity

dependence. This effect is greatly enhanced if the output of

a double sided ACEL is monitored, as shown in Fig. 2,

because in this case light emitted in the reverse direction is

not reflected back to the viewer. Figure 7 shows a typical

plot. The most intense pulses occur when the side that is in

its positive cycle is monitored. The asymmetry increases

with voltage, as indicated in Fig. 8. In this work such

behaviour was observed when both electrodes were PED-

OT:PSS, or ITO on glass, or mixtures of the two. Hence it

does not appear to be related to the nature of the electrode

material.

Figure 9 is an attempt to illustrate schematically what is

likely to be happening. In the first half-cycle electrons and

holes are emitted in opposite directions, and no light is

Fig. 7 Asymmetric light pulses from double-sided ACELs, 200 Hz

operating frequency
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emitted. In the second half-cycle the carriers are emitted in

opposite directions. The much higher mobility of the

electrons allows them to be swept quickly from side to side

with the field, whereas the holes are much more sluggish.

As a result recombination occurs primarily on the positive

side of the particle. When the polarity again changes light

emission is generated on the other side of the initiation site.

Increasing the voltage enhances hole transport and

causes the light emitting zones to be spaced further apart,

and thus increases the observed pulse height asymmetry.

This model is in agreement with the observation from

microscopic studies [23] that light emission occurs from

discrete areas near to the surface of the particles. It also

agrees with the observation [24] that unconfined ACEL

particles rotate until their long axes are parallel to the field

(in order that their positive and negative space charges can

get as close to the appropriate electrode as possible).

Other workers, notably Zalm [14], have observed pulse

asymmetry, and attributed it to similar mechanisms as

described here. However, the dependence on voltage was

not elucidated, and indeed Zalm reported that at very high

voltages the asymmetry ‘may’ reverse, but this was not

observed in our work. For simplicity in the illustration,

Fig. 9, only a single initiation site is drawn. In practise

there are likely to be a number of sites, in different posi-

tions around each particle, and the effect of the polarity

change is to move the centre of gravity of the luminescence

from one side to the other.

The reason that more of the light generated near the

closest surface is able to escape to the observer, may be a

combination of effects. The first, as mentioned by Zalm

[14] is that there is less total internal reflection (and self-

absorption losses) within the particle. The second is that

luminescence that suffers multiple scattering within the

powder layer (after escaping the particle) is statistically

more likely to emerge on the side closest to its source than

by making its way via a tortuous route through the binder

and emerging on the far side. In support of this suggestion

it has been found, for example [25] that when even very

thin (*0.5–4 mg/cm2) coatings of nano or micrometre-

sized phosphor particles are excited by low energy

(1–5 kV) electrons beams that substantially (\4 times)

more cathodoluminescence emerges on the side which is

excited, compared to that which emerges on the far side

(NB no binder was present in this work). In the present

case, the longer more tortuous route will also mean that the

luminescence will suffer more absorption losses within the

binder.

Figure 10 shows the effect of exciting ACELs using

widely spaced, narrow pulses. No light is detected on the

first voltage transient of each pulse, only on the second

transient, in line with the model. If the pulses are moved

closer together then predominantly green light starts to be

emitted on the first transient, presumably due to neutrali-

sation of holes left over from the previous cycle.

The colour of the light emitted depends on the time

delay between transients (half-cycles). If the second half

cycle follows very rapidly after the first (e.g. because a

Fig. 8 Pulse asymmetry in double sided ACELs, 200 Hz operating

frequency

Fig. 9 Schematic illustrating light emission, switching from one side

of a particle to the other with changing polarity
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high frequency and/or narrow pulse width is used) then the

light is predominantly blue. If there is a long time delay

between the transients (for example because a low fre-

quency is used) then it is predominantly green. Figure 10

illustrates the output from a blue-green phosphor operated

at 100 Hz. When operated with a 50% duty cycle the

luminescence from this lamp was (as expected) green. In

this case, however, because narrow pulses were used, the

output was predominantly blue. Figure 11 shows what

happens to the CIE coordinates if the duty cycle of the

square wave (in this case at 500 Hz) is changed. When the

leading and trailing edges of the square waves are close

together the blue emission is enhanced. This suggests that

as postulated by Ivey [6] blue sites are occupied by holes in

preference to green, and if neutralised quickly give rise to

blue emission. If time permits, however, the hole transfers

onto green sites. Increasing the concentration of copper

then makes this transfer more efficient, and hence the

transition from blue emission to green occurs at lower

frequencies. It appears that the transfer process is thermally

activated, and does not occur at liquid air temperatures,

where the emission is blue at all frequencies [6]. Whether

the square wave is bipolar or unipolar (in either direction)

has no apparent effect on the emission colour or radiance.

4 Conclusions

Consideration of the method of manufacture and the effect

of doping of ZnS:Cu electroluminescent phosphors sug-

gests that the most likely initiation sites are copper segre-

gated into dislocations/grain boundaries rather than as

precipitates as suggested by Fischer.

Measurements of the emission from double-sided

ACELs suggest that the luminescence originates on the

side of the particle that is closest to the positive electrode,

and oscillates from one side to the other with the changing

ac polarity.

The transition from blue to green emission is governed

by the length of time between voltage transients. A short

time period (e.g. due to working either at high frequency or

low frequency with a short duty cycle) gives rise to blue

emission. If the time period is long enough (e.g. low fre-

quency with a 50% duty cycle), then holes are transferred

to a green luminescent centre and green emission results.
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