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Abstract This paper presents the microstructure and elec-

troluminescent performance of ZnS:Cu,Cl phosphor pow-

ders prepared by firing micrometer-sized ZnS with NaCl

and CuS nanocrystallites at 900◦C in the reducing atmo-

sphere. A series of samples with Cu addition ranging from

40 to 5000 ppm were studied. XRD analysis showed that

ZnS:Cu,Cl samples with Cu addition of ≥400 ppm exhib-

ited a transformation from hexagonal to cubic structure. The

whole series of ZnS:Cu,Cl samples showed significant pho-

toluminescent (PL) intensity; however, only samples with

Cu addition of ≥400 ppm revealed measurable electrolumi-

nescent (EL) intensity. This difference was supposed to be

a result of nano-sized Cux S precipitation in ZnS during fir-

ing treatment, where Cux S acted as electron emission source

to enhance the EL intensity. Furthermore, ZnS:Cu,Cl pow-

der sections were analyzed using X-ray mapping (XRM) of

a scanning transmission electron microscope, revealing that

Cux S precipitates of 50–80 nm in size were observed only in

the samples with EL emission, i.e. Cu addition ≥400 ppm.

The variation of EL intensity was interpreted in terms of the

concentration of Cu activators as well as the phase and the

amount of Cux S in ZnS.
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Introduction

Zinc sulfide (ZnS) is a semiconductor material with bandgap

energies of 3.7 and 3.8 eV in zinc blende and wurtizte struc-

ture, respectively [1]. Due to its excellent electrical properties

such as the large band-gap energy, direct recombination and

high resistance to electric field, ZnS has great potential of be-

ing used as solar cells [2], infrared windows [3], and phosphor

materials by doping with transition or rare-earth metals [4, 5].

In addition, owing to the advantages of the simple manufac-

turing process, the convenience of being able to print large

area and the high power efficiency, ZnS electroluminescent

(EL) phosphor powders would be suitable for back lighting

of liquid crystal panels or for flat panel displays.

The most widely used EL phosphor material is ZnS:Cu,Cl

in which Cu behaves as an acceptor contributing to the emis-

sion, and Cl behaves as a donor. In this study, micrometer-

sized ZnS powders were fired with NaCl and various amount

of CuS nanocrystallites to study the EL performance. Ex-

perimental data indicated that the crystal structure and the

EL intensity of ZnS:Cu,Cl depended on the amount of Cu

addition. EL was observed only in the cubic structure of ZnS

powders with Cu addition of ≥400 ppm. The variation of EL

intensity will be interpreted in terms of the concentration of

Cu activators as well as the phase and the amount of Cux S

precipitates in ZnS.

Experimental procedure

Luminescence grade ZnS powders (99.99%, <10 μm,

Acros) were mixed with 1 wt.% NaCl (99.5%, Showa)

and 40–5000 ppm CuS nanocrystallites in alcohol, where

CuS nanocrystallites were synthesized by co-precipitation of

CuCl2·2H2O (99%, Showa) and Na2S·9H2O (98%, Showa)
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solutions. The mixed powders were dried in the oven at 80◦C

and then fired in the tubular furnace at 900–1050◦C for 2 h

in the mixed atmosphere of 3%H2/Ar and sulfur. Finally,

the ZnS:Cu,Cl powders were washed with ammonium hy-

droxide (29.7%, J.T. Baker) to remove the residual copper

sulfides.

An X-ray diffractometer with Cu Kα radiation (XRD,

D/max, Riguka) was employed to characterize the crystal

structure of ZnS:Cu,Cl powders with various amount of Cu

addition. The photoluminescence (PL) of ZnS:Cu,Cl pow-

ders was carried out using a Xe lamp with an excitation wave-

length of 343 nm. For EL measurement, the ZnS:Cu,Cl pow-

ders were mixed in castor oil as dispersion media, followed

by being injected into a cell of indium tin oxide(ITO)-coated

glass and Al sheet with a space of 80 μm. The weight ratio

of ZnS:Cu,Cl powders to castor oil was 1/6. The EL cell of

15 × 15 mm2 in area was excited with an alternating current

bias voltage of 300 V and frequency of 1 kHz. The PL and

EL were examined using optic fibers and an optical detector

with CCD arrays (Model USB2000, Ocean Optics) at room

temperature under ambient atmosphere.

The ZnS:Cu,Cl powders with a particle size of 2–5 μm

were embedded in an epoxy-resin mount (Embed-812, EMS)

to help retain the shape for sectioning by an ultramicrotome

(Ultracut E, Reicher-Jung). A diamond knife with an angle

of 35◦ (ultra, Diatome) was used to cut ZnS:Cu,Cl powders.

The cut sections were put onto carbon-coated Au sample

grids. The sectioning procedure has been outlined by Mails

and Steele [6]. The microstructure and chemistry of sections

were analyzed on a Be double tilt sample holder using a

scanning transmission electron microscope (STEM, JEM-

2100F, JEOL) equipped with an energy dispersive spectrom-

eter (EDS, Link-ISIS, Oxford) operated at 200 kV. For EDS

microanalysis, the spot size of electron beam was 0.7–1.5 nm

with a dwell time of 25–50 ms in order to permit enough X-

rays to be generated and collected from this reduced interac-

tion volume.

Results and discussion

Structure analysis of ZnS powders with various amount of

Cu addition after being fired at 900◦C for 2 h was carried

out by the X-ray powder diffraction method. It is known that

ZnS crystallizes either as a cubic structure (zinc blende or

β-ZnS) or as a hexagonal structure (wurtizte or α-ZnS). The

β-ZnS structure corresponds to the low temperature phase,

and then transforms to α-ZnS at approximately 1020◦C [1, 7].

The XRD spectra in Fig. 1(a)–(e) show that α-ZnS and β-

ZnS coexisted in the ZnS:Cu,Cl powders with Cu addition

of 40, 80, 120, 200 and 400 ppm, respectively. In Fig. 1(e)

and (f), a decrease of (100)α and (101)α peak intensities can

be observed, which illustrates that α-ZnS decreased and β-

ZnS increased in the samples with increasing Cu addition.

Moreover, in the samples with Cu addition of >800 ppm,

α-ZnS was less observed as revealed in Fig. 1(g)–(j).

By using the absolute standard method [8, 9], the weight

ratio of α-ZnS to β-ZnS (Wα/Wβ) could be determined by

calculating the integrated intensity ratio of I(100)α to I(200)β

diffraction peaks with a factor of 0.0968 as follows:

Wα/Wβ = 0.0968[I(100)α/I(200)β] (1)

Hexa% = [Wα/(Wα + Wβ)] × 100% (2)

The (100)α and (200)β peaks were chosen due to their strong

reflection without overlapping the peaks of another phase.

Figure 2 shows the weight ratio of α-ZnS to β-ZnS in

ZnS:Cu,Cl powders with different amount of Cu addition.

The curve (a) in Fig. 2 shows that under a firing temperature

of 900◦C for 2 h, there was around 30 and 18 wt.% α-ZnS

(Hexa%) formed in the samples with Cu addition of 40–200

and 400 ppm, respectively. However, β-ZnS dominated in

the samples with Cu addition of ≥400 ppm. It has been re-

ported that the Cu addition in excess of its solubility limit

in ZnS would precipitate to form a second phase of Cux S,

which would then initiate the β-ZnS transformation [10, 11].

Therefore, the samples with Cu addition of <400 ppm were

predicted to be free from precipitates, while those with Cu

addition of ≥400 ppm would have different amount of pre-

cipitates depending on the amount of Cu addition. A series of

ZnS:Cu,Cl powders were also fired at a higher temperature

of 1050◦C for 2 h in order to validate the previous statement.

The weight ratio of α-ZnS to β-ZnS fired at 1050◦C esti-

mated from the XRD spectra (not shown here) is presented

as curve (b) in Fig. 2. This indicates that a higher fraction

of β-ZnS was transformed to α-ZnS (∼80 wt.%) in the sam-

ples with Cu addition of 40–200 ppm in comparison to those

fired at 900◦C (∼30 wt.%). It can also be found from curve (b)

that the samples with Cu addition of >200 ppm were nearly

all β-ZnS phase. According to the results shown above, we

can predict that the solubility limit of Cu in α-ZnS was 800

and 400 ppm when fired at 900 and 1050◦C, respectively. It

should be noted that there was less α-ZnS in the sample with

Cu addition of 400 ppm fired at 1050◦C when compared to

that fired at 900◦C. It is supposed to result from the enhance-

ment of transformation by the initial precipitation at a higher

temperature because of the endothermic reaction of β-ZnS

transformation.

According to the bipolar field emission model proposed

by Fischer [12, 13], conductive impurities such as cuprous

sulfides (Cux S) are necessary for luminescent ZnS particles

to intensify the electric field, and to allow holes and elec-

trons to recombine with radiation in luminescent centers.

Therefore, by referring to the XRD analysis shown above,

we can also predict that the samples fired at 900◦C with Cu
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Fig. 1 XRD spectra of

ZnS:Cu,Cl with Cu addition in

the range of 40 to 5000 ppm

fired at 900◦C

Fig. 2 The weight ratio of α-ZnS to β-ZnS in ZnS:Cu,Cl powders fired

at (a) 900◦C and (b)1050◦C

addition of 40–200 ppm would not perform EL as excited by

an electric field due to the lack of Cux S precipitates though

PL was observed in all samples. Figure 3 shows the EL emis-

sion spectra of ZnS:Cu,Cl powders with various amount of

Cu addition. Exactly no significant luminescence was de-

tected under electric field excitation in the samples with Cu

addition of 40–200 ppm as shown in Fig. 3(a). However, the

samples with Cu addition ranging from 400 to 5000 ppm

showed EL emission under the same electric field excita-

tion as revealed in Fig. 3(b)–(g). In Fig. 3, the EL spectra of

ZnS:Cu,Cl powders showing a non-Gaussian distribution in

the range of 400–600 nm were similar to that excited by cath-

ode rays [14], yet they consisted of blue and green emission

bands. This can be explained by a model provided by Kawai

[15] in which the quenching of green-luminescence and the

appearance of blue-luminescence were derived from the in-

Fig. 3 EL spectra of ZnS:Cu,Cl with various amount of Cu addition

fired at 900◦C for 2 h in the reducing atmosphere. (Ex. 300VAC 1 kHz)

terstitial Cu+. Therefore, it was supposed that ZnS powders

with Cu addition in the range of 400–5000 ppm were doped

with Cu both substitutionally and interstitially. The decrease

of emission intensity with increasing Cu addition beyond

800 ppm in Fig. 3(d)–(f) is believed to result partly from the

activator concentration quenching effect [15], indicating that

the excess doped-Cu provides the dominant non-radiative

path for excitation energy. The increased EL intensity in

the sample with Cu addition of 5000 ppm is supposed to

be induced by the variable electrical properties as well as the

phase of Cux S precipitates, which will be discussed in detail

later.

The ultramicrotomy technique was used to prepare STEM

specimens for microanalysis because it has fewer problems

Springer



302 J Electroceram (2006) 17:299–303

as compared to the other methods, such as electropolishing

and ion beam thinning [6]. Due to the hard and brittle nature

of ZnS, the thin specimens tended to fracture during the sec-

tioning process. Nevertheless, the mechanical damage was

localized, and damage-free areas were relatively large for

high-resolution images and microanalysis as illustrated in

Fig. 4. Figure 4(a) shows a STEM bright field image of a

piece of a ZnS:Cu,Cl particle with Cu addition of 5000 ppm.

The inset shown in Fig. 4(a) is the corresponding diffraction

pattern in [110] zone axis, indicating the cubic structure in

consistent with the XRD analysis. Figure 4(b) and (c) show

the Zn and Cu characteristic X-ray mapping (XRM) images,

respectively. The uniform intensity of Zn X-rays shown in

Fig. 4(b) indicates very little thickness variation in the sec-

tion besides the arrowed area was induced by the overlapping

of section chips. Owing to the doped-Cu activators in ZnS

being less than the minimum mass fraction (MMF) for EDS

to detect, the Cu characteristic X-rays presented inhomoge-

neously in Fig. 4(c) was assumed to be radiated from Cux S

precipitates. The Cux S precipitates were observed in all spec-

imens with Cu addition of >200 ppm; however, no significant

Cu characteristic X-rays were detected in the samples with

Cu addition of <400 ppm. We supposed that there was no

Cux S precipitates formed in these lower Cu added samples

in agreement with the XRD and EL results. According to

the Monte-Corlo simulation [16], we can derive the electron

interaction volume and the X-ray source size based on the

beam energy, spot size (1.5 nm) and the thickness of speci-

men (50–100 nm). The beam spreading radius of 3–7.5 nm

was simulated using parameters of 200 kV accelerating volt-

age and atomic number of Z = 29 (Cu) in the thickness range

of 50–100 nm, which was smaller than the step of scanning

points (∼8.2 nm). Therefore, the spatial resolution of mi-

croanalysis shown here was equivalent to the step size. In

Fig. 4(c), the areas radiating the Cu characteristic X-rays

were of approximately 50–80 nm in size, which were esti-

mated to be the size of Cux S precipitates or the aggregates of

precipitates.

On the basis of the previous studies [12, 13] and results

shown above, EL has been attributed to the ionization of acti-

vators by the impact of charge carriers accelerated by the high

electric fields between Cux S precipitates and ZnS:Cu,Cl ma-

trix. It is believed that both the amount as well as the physical

properties of Cux S precipitates would influence the recom-

bination rate and the following EL intensity. In Fig. 3(b) and

(c), the sample with Cu addition of 400 ppm showed lower

EL intensity compared to that with Cu addition of 800 ppm.

It would result from both a lower fraction of β-ZnS and

an inadequate amount of Cux S precipitates for charge carri-

ers tunneling through the Cux S-ZnS contact to excite acti-

vators. The decreased EL intensity in the samples with Cu

addition beyond 800 ppm in Fig. 3(d)–(f) is believed to be

due to the concentration quenching effect of activators and

Fig. 4 (a) STEM bright field image of ZnS:Cu(5000 ppm),Cl powder

section with an inset showing the cubic diffraction pattern in [110]

zone axis. (b) and (c) reveal the corresponding Zn kα and Cu kα X-ray

mapping results of the section, respectively. [The arrow in Fig. 4(b)

reveals the overlapping of section chips.]

Cux S precipitates. An increase of Cux S precipitates would

increase the tunneling current and also induce the inelastic

scattering among tunneled charge carriers. The EL intensity

would show a maximum and then begin to decrease due to

the limited activators and energetic charge carriers available

for excitation.

The inversed higher EL intensity in the sample with Cu

addition of 5000 ppm is observed in Fig. 3(g). It is supposed

to result from the polymorphism as well as the variable phys-

ical properties of Cux S precipitates. The copper-sulfur phase

diagram is relatively complex, especially in the composition

range relevant to solar cells, i.e. from Cu2S to C1.78S [17].

The structure of Cux S as well as its electrical and optical

properties has been found to vary with the stoichiometric

value of x [18]. Nair et al. [19] reported that the resistance

and the bandgap energy(Eg) of Cux S increase as x approaches

2. It is also known that the instantaneous field-emission or

Springer



J Electroceram (2006) 17:299–303 303

tunneling current I through the Cux S-ZnS contact follows the

Fowler-Nordheim equation:

I = A
E2

W 3/2
exp

(
−B

W 3/2

E

)
(3)

where A and B are constants, E is the field strength, and

W is the work function. In this case, the work function W
corresponds to the energy difference between the electron

affinity of ZnS and that of Cux S. The lower tunneling current

through the Cux S–ZnS contact due to the larger Eg of precip-

itates as well as the higher work function W would result in

the adequate excitation of activators and higher EL intensity.

Therefore, the ZnS:Cu,Cl powders with higher Cu addition

of 5000 ppm were supposed to separate copper-rich Cux S

precipitates with larger Eg . Further experiments to study the

distribution of precipitates quantitatively and identify their

stoichiometric value of x to support this hypothesis are in

progress.

Conclusions

Electroluminescent ZnS:Cu,Cl phosphor powders have been

prepared by firing ZnS with NaCl and CuS nanocrystallites

at 900◦C for 2 h. XRD analysis showed that the ZnS:Cu,Cl

phosphor powders with Cu addition of <400 ppm were

hexagonal structure, while the powders with Cu addition

of ≥400 ppm were cubic. Though all ZnS:Cu,Cl powders

showed PL emission, EL emission was only observed in the

ZnS:Cu,Cl powders with Cu addition of ≥400 ppm. The mi-

croanalysis by X-ray mapping indicated that Cux S precipi-

tates of 50–80 nm in size were observed only in the samples

with Cu addition of ≥400 ppm, which were inferred to induce

the phase transformation and the EL emission. The variation

of EL intensity in the samples with different amount of Cu

addition was related to the concentration of activators, the

amount and the phase of Cux S precipitates. An optimal EL

intensity was observed in the ZnS:Cu,Cl powders with Cu

addition of 400–800 ppm. In addition to the activator con-

centration quenching effect, the decreased EL intensity of the

ZnS:Cu,Cl powders with Cu addition beyond 800 ppm was

supposed to result from the increase of inelastic scattering

of charge carriers tunneling from the excess Cux S precip-

itates. Copper-rich Cux S precipitates with larger Eg in the

ZnS:Cu,Cl powders were inferred to induce the increased

EL intensity because of the appropriate amount of charge

carriers and activators.
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