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Secondary Electron Emission of ZnO Films
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Abstract We investigated secondary electron emission characteristics of ZnO thin films prepared by pulsed laser

deposition method with respect to the ambient oxygen pressure and the substrate temperature during the deposition.

X-ray diffraction, UV-Vis spectrometry, atomic force microscopy, and γ-FIB were used to examine the structural,

optical transmission, surface morphology, and secondary electron emission properties of the films, respectively. The

secondary electron emission coefficient of the ZnO films increases as the O/Zn ratio of the films increases which was

thought to result from either the ambient oxygen pressure increase or the substrate temperature decrease and as the

grain size of the films decreases. It was confirmed that ZnO has better secondary electron emission characteristics than

those of MgO, which is currently widely used as a material for PDP protecting layers.
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I. Introduction

Gas discharge in tiny cell chambers, each acting as a pixel,

is the key operation of plasma display panels (PDP). Stable

discharge can be achieved when high voltages are applied

and maintained; this requires expensive driver circuits and

lowers the lifetime of the PDP [1]. One of the essential

elements of PDPs, one that affects the characteristics of gas

discharge is the protective layer, a dielectric material used

to protect electrodes from gas ion motion inside the cell

chamber. The protective layer plays another important role

in supplying electrons to maintain the plasma discharge at

lower applied voltages [2]. MgO, currently used as a

protective layer material, is chemically stable and has a

relatively high secondary electron emission coefficient.

However, MgO has several drawbacks such as its fast

hydration under atmospheric conditions after deposition,

high error rate in dielectric discharge, and high sensitivity to

the growth condition in its discharge characteristics [3-5].

In order to enhance the performance of PDPs and to

overcome the drawbacks of currently used protective

layers, other materials such as SrO, CaO, and ZnO have

been investigated [6-7]. ZnO has a refractive index in the

visible spectrum of ~2.05; it also has a dielectric constant

of 2.5, which is small compared with the MgO value of

9.65. The electrical properties of ZnO can be adjusted by

the deposition conditions, such that this material can

potentially be used to replace both the ITO electrode, when

it is doped with Al or Ga, and the MgO protective layer at

the same time [8-9]. In this study, we present the secondary

electron emission characteristics of ZnO films deposited by

the pulsed laser deposition (PLD) method under various

growth conditions..

II. Experimental

A ZnO target, one inch in diameter and with a purity of

99.999%, was used for the pulsed laser deposition of ZnO

thin films on soda lime glass and fused silica substrates.

ZnO thin films were deposited for 10 minutes. The

distance between the target and the substrate was 7 cm; the

rotational speed of the target holder was 17 rpm. The 3rd

harmonic, 355 nm, of an Nd:YAG laser was used. The

laser fluence was 2.66 J / cm2; the laser repetition rate was

10 Hz. The thickness of the films was measured using an

atomic force microscope (AFM) and a scanning electron

microscope (SEM); thickness was found to be around

100 nm. In order to analyze the properties of the ZnO thin

film as those depend on the growth conditions, the samples

were grown under various conditions, including oxygen

ambient pressures of 300, 500, and 700 mTorr at a fixed

substrate temperature of 370oC, followed by a fixed

oxygen ambient pressure of 300 mTorr at various substrate

temperatures of 100, 200, and 370oC. The temperature of

the substrate was measured using a thermocouple. A

custom built g-focused ion beam (γ-FIB) was used to

determine the secondary electron emission coefficients

(denoted by γ) of the ZnO films [10]. An ultraviolet-

visible-infrared (UV-Vis-IR) spectrophotometer (Varian

Cary-1E) was used to measure the light transmittance

through the films. Surface morphology of the samples was
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analyzed using the AFM (Nanosurf EasyScan 2). X-ray

diffraction (XRD) θ-2θ scans and rocking curves of the

films were obtained using an X-ray diffractometer

(PANalytical X’pert pro).

III. Results and Discussion

Hexagonal wurtzite ZnO is stable when it is grown c-axis

oriented, along the (00l) direction. [11] XRD measurements

ware performed to confirm the crystal structure and the

orientation of the grains of the deposited ZnO films. Figure

1(a) shows the XRD θ-2θ scans of the ZnO films grown on

soda lime glass substrate under various growth conditions,

from at a substrate temperature of 370oC and oxygen

ambient pressure of 700 mTorr; at 370oC and 500 mTorr; at

370oC and 300 mTorr; at 200oC and 300 mTorr; and at

100oC and 300 mTorr. Only (002) and very weak (004)

ZnO peaks were observed, except for a small and

unassigned (marked *) peak near 2θ of 44.3o, which can be

assigned to ZnO (300) or ZnO2 according to the Joint

Committee on Powder Diffraction Standards (JCPDS)

database. [12] We determined rocking curves of the (002)

peaks of the ZnO films and found that the full width at half

maximum values of the samples grown at 370oC and

700 mTorr, at 370oC and 500 mTorr, at 370oC and

300 mTorr, and at 200oC and 300 mTorr were 6.44o, 4.97o,

4.07o, and 5.87o, respectively. One of the rocking curves is

shown in Fig. 1(b). These results suggest that most grains

of the films are c-axis oriented, not perfectly but rather

titled a bit from the normal to the substrate. However the

film grown at 100oC and 300 mTorr showed a broad

rocking curve, as shown in Fig. 1(c), which implies that the

grains of the film are not c-axis oriented but, rather, are

randomly distributed.

In order to examine the surface morphology of the ZnO

films, surface images were taken using an atomic force

microscope, as shown in Figs. 2(a) to (e). The roughness

root mean square (RMS) values of the samples are shown

in Table I. The surface morphology of the films grown at

a fixed oxygen pressure of 300 mTorr looks to depend on

the substrate temperature. The film grown at a higher

temperature of 370oC shows much larger grains than those

grown at lower temperatures of 100 or 200oC. And, the

grain size of the films grown at 370oC seems to become

Figure 1. (a) X-ray diffraction θ-2θ scans of the ZnO thin films
deposited under various growth conditions. Only (002) peaks
are shown in the patterns except for the unidentified (marked *)
peaks and very weak (004) peaks. (b) Rocking curve of the
(002) peak of a ZnO film grown at 300 mTorr and at 370oC.
ZnO film grown at 300 mTorr and at 100oC shows a wide
rocking curve at its (002) peak, as shown in (c), implying that
the grains of the film are not c-axis oriented.

Figure 2. AFM images of the ZnO films grown at various substrate temperature and oxygen ambient pressure conditions are
shown.  (a) 100oC and 300 mTorr, (b) 200oC and 300 mTorr, (c) 370oC and 300 mTorr, (d) 370oC and 500 mTorr, (e) 370oC and
700 mTorr. (f) Typical grain sizes near the surface of the films grown at various ambient oxygen pressures of 300, 500, and
700 mTorr and at a fixed substrate temperature 370oC are shown to be 650.5, 464.5, 247.8 nm, respectively.
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smaller as the oxygen pressure increases, as shown in Fig.

3(f). The largest surface roughness value is found for the

film grown at 370oC and 300 mTorr; the typical grain sizes

(and five grains average values) near the surface of the

films grown at 300, 500 and 700 mTorr are 650 (532±63),

464 (478±34), and 287 (250±32) nm, respectively, as

shown in Table I.

Figures 3(a) and (b) provide the transmission spectra of

the deposited ZnO films in the wavelength range of 300

~800 nm at room temperature. All samples show a

transmittance at least above 70% in the visible range. In

Fig. 3(a), the sample with the largest grains grown at 300

mTorr among the three samples grown at a fixed

temperature of 370oC shows the smallest transmission.

Also, in Fig. 3(b), it can be seen that the sample with the

smallest transmission among the three samples grown at a

fixed oxygen pressure 300 mTorr, is the one with the

largest grains; this sample was grown at 370oC. The

samples grown at 370oC, under oxygen ambient pressure

of 500 mTorr or more, do not show any transmission at

wavelengths of less than approximately 380 nm. However,

the samples grown under other growth conditions show

light transmission (less than 20%) in the 380~320 nm

wavelength region, which can be explained if the effective

bulk portion in the ZnO volume participating in absorbing

UV light with energy higher than its band gap is reduced,

possibly because there are considerably many small size

grains, such that the grain boundary portion not absorbing

UV light in that range is sufficiently large. [13] It is also

worthwhile to mention that there is a report arguing that the

transmission in this UV range increases as the oxygen

partial pressure during ZnO deposition decreases. [14] It

should be noted that the energy band gap of ZnO is

375 nm. Also, only the samples grown at 370oC, under

oxygen pressure of 500 mTorr or more, show an oscillating

interference pattern which is caused by the difference in the

Figure 3. Transmissivity of the ZnO films grown (a) at a fixed
substrate temperature of 370oC with various oxygen ambient
pressures and (b) at a fixed oxygen ambient pressure of
300 mTorr with various substrate temperatures.

Table 1. Roughness and typical grain size near the surface of the deposited ZnO films.

Growth condition
100oC-

300 mTorr 
200oC-

300 mTorr 
370oC-

300 mTorr 
370oC-

500 mTorr 
370oC-

700 mTorr 

Root mean square Sq (nm) 1.87 1.89 5.32 7.42 5.73 

Typical grain size (nm)
(5 grains average)

650 
(532 ± 63)

464 
(478 ± 34)

287 
(250 ± 32)

Figure 4. Secondary electron emission coefficients of the ZnO
films grown (a) at a fixed substrate temperature of 370oC
with various oxygen ambient pressures and (b) at a fixed
oxygen ambient pressure of 300 mTorr with various substrate
temperatures, obtained using γ-FIB technique. 
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refractive indices of the film and the substrate and the

multiple reflections from the film and the substrate surface,

implying that the film is optically smooth [15].

Secondary electron emission measurement of the ZnO

samples with respect to the deposition conditions was

performed using γ-FIB at acceleration voltages from 170 to

200 V with a 10 V increments. Figure 4(a) shows the

secondary electron emission coefficients with respect to the

oxygen ambient pressures of 300, 500, and 700 mTorr, at a

fixed substrate temperature of 370oC. As the oxygen

pressure increases from 300 to 700 mTorr, the secondary

electron emission increases. Figure 4(b) shows the

secondary electron emission coefficients of the ZnO films

grown at a fixed oxygen pressure of 300 mTorr and at

various substrate temperatures of 100, 200, and 370oC. As

the substrate temperature decreases, the secondary electron

emission increases.

It has been reported that the secondary electron emission

coefficient increases as the resistance of ZnO increases or

as the ratio of the content of O to Zn increases [16]. Thus,

it is legitimate to say that the oxygen pressure increase,

resulting in the O to Zn ration increase, will lead to an

increase of the secondary electron emission coefficient as

confirmed in this report and as shown in Fig. 4(a). In

addition, it has been reported that the lower is the substrate

temperature is, the higher the O to Zn ratio in the ZnO film

will be, as confirmed in our experiment and as shown in

Fig. 4(b). [17] Another explanation of this result is that

smaller ZnO grains may yield larger secondary electron

emission. In Fig. 4(a), the sample grown at 700 mTorr has

the smallest grains and the sample at 300 mTorr has the

largest grains. In Fig. 4(b), the sample grown at 100oC can

be seen to have the smallest grains and the sample at 370oC

has the largest grains. Neither interpretations are not

inconsistent with our results. 

The ZnO film grown at 370oC and 300 mTorr showed a

lower secondary electron emission starting voltage (110 V)

and a higher secondary electron emission coefficient value

(10-20% larger in the voltage range of 120-200 V) than

those values of the MgO film, which has an emission

starting voltage of 120 V, deposited under the same growth

conditions, as shown in Fig. 5. The higher secondary

electron emission coefficient of the ZnO film can be

attributed to the fact that the work function of ZnO

(~4.5 eV) is relatively small compared to that of the MgO

(~5 eV); it might be possible to support this idea

empirically by using the Auger neutralization theory [18]. 

IV. Conclusions

We examined the structural, morphological, optical, and

secondary electron emission properties of ZnO thin films

deposited by pulsed laser deposition method at various

substrate temperatures and at various oxygen ambient

pressures. The secondary electron emission coefficients of

the ZnO films increase as the ratio of O to Zn increases

which can be resulted from either the substrate temperature

decrease or the oxygen ambient pressure increase. And the

decrease in the grain size near the surface will also lead the

increase in the secondary electron emission coefficient.

Considering that the secondary electron emission coefficients

of the ZnO samples in this study are comparable to or higher

than those of the deposited MgO film and that all the ZnO

films show 70-90% transmission in the visible range, it

could be said that ZnO has sufficient potential to be tested

as a PDP protective layer.
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