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Synthesis of ZnO films with a special texture
and enhanced field emission properties*
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ZnO films with special textures are fabricated on Mo-coated AloO3 ceramic substrates by the catalyst-free electron

beam evaporation method, and the as-deposited films are treated by hydrogen plasma. It is found that the surface

morphologies of the films are changed significantly after hydrogen plasma treatment and that the films consist of

vertically standing and intersecting nanosheets. A lower turn-on field of 1.2 V/um and an enhanced current density
~0.11 mA /cm? at 2.47 V/um are achieved. The low threshold field and the high emission current density are attributed
primarily to the unique shape and smaller resistivity of the ZnO nanosheet films.

Keywords: nano-ZnO thin films, hydrogen plasma treatment, field electron emission, microwave

plasma chemical vapour deposition
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1. Introduction

ZnO material, an intrinsical n-type semiconduc-
tor with a wide direct band gap of ~3.37 eV and large
exciton binding energy of ~60 meV, has been exten-
sively studied in recent years due to its potential ap-
plications in optical and electronic devices.[!=19 At
present, it has been widely used in piezoelectric trans-
ducers, varistors, gas sensors, catalysts and transpar-
ent conducting films.['*~16] The growth characteristics
of a nanometer ZnO array on n-type silicon substrate
was systematically explored by Lee et al.l8! They also
examined the field electron (FE) emission properties
of ZnO-nanowires prepared by using cobalt as a cat-
alyst. To obtain a current density of 0.1 wA/cm?, an
external electric field of 6.0 V/um is required, and to
obtain a current density of 1.0 pA/cm?, a higher field
(~11 V/um) is needed. Xu and Sun!” reported in-
vestigations on the FE properties of ZnO nanowires
and found that the current density of the nanowire
was only 0.1 uA /em? under an applied electric field of
1.9 V/um.

In the present paper, a series of nano-structured
ZnO films (NZFs) is fabricated using catalyst-free
electron beam evaporation techniques and these as-
The
surface morphologies, microstructures and FE char-

grown films are etched by hydrogen plasma.
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It is found
that the surface morphologies each undergo a remark-
able change for those NZF's treated by the hydrogen
plasma etching, which consists of vertically standing

acteristics are studied for the NZFs.

and intersecting nanosheets. A current density of
~0.11 mA /em? at 2.47 V/pm and a threshold electric
field of 1.2 V/pm are obtained. The lower turn-on
field and the high emission current density are inter-
preted.

2. Experiment and discussion

2.1. Fabrication of ZnO thin films

The electron beam evapouration deposition
(EBVD) system was used to deposit NZFs on Mo
film-coated AlyO3 ceramic substrates, with high pu-
rity (99.99%) ZnO used as a deposition target. The
specific parameters used for the EBVD process are
listed in Table 1, resulting in a 1000-A (1 A = 0.1 nm)
thick ZnO film (controlled by a film thickness moni-
tor).

Then the ZnO film was hydrogen plasma treated
by a microwave plasma chemical vapour deposition
(MPCVD) technique. The specific parameters used
for the MPCVD process are listed in Table 2.
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Table 1. Parameters employed for the EBVD process.

EBVD process parameters Values
Beam current/mA 20
Vacuum/kPa 2.0x1073
Substrate temperature/°C 527
Voltage/kV 6

Vapour time/min 40
Filament current/mA 0.6
Oxygen gas flow/sccm 4

Table 2. Parameters employed for the MPCVD process.

MPCVD process parameters Values
Hydrogen gas flows/sccm 100
Total gas pressure/kPa 5.5
Substrate temperature/°C 750
Plasma processing time/min 20
Microwave power/W 1300
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Fig. 1. Energy dispersive spectrum of ZnO film sample.

The surface morphologies, microstructures and
surface resistances of NZFs were characterized by a
field emission scanning electron microscope (FESEM),
the X-ray diffraction (XRD) spectrum, the energy dis-
persive spectrum (EDS) and a surface resistance me-
ter. The XRD spectrum of the NZFs contains the
peaks of the ceramic substrates (Al;O3) as well as the
peaks of Mo layers, but there is no ZnO layer peak, so
we tend to think that the main reason is that the ZnO
layer is too thin and the signal is too weak. Figure 1
shows the EDS of the sample film, in addition to the
characteristic peaks of Al, Mo and O, the peaks of the
Zn appear. This indirectly proves that our samples
contain ZnO components.

We find that after hydrogen plasma treatment,
both the surface microstructure and the surface re-
sistance of the ZnO films significantly change. Fig-
ures 2(a) and 2(b) respectively show typical FESEM
images taken from un-treated NZFs and hydrogen
plasma treated NZFs. Their corresponding magni-
fications are also shown in Figs. 2(c) and 2(d), and
Figs. 2(e) and 2(f), respectively. It is found that the
surface morphologies of the NZF's treated by the hy-
drogen plasma etching have changed remarkably.

As can be seen from Figs. 2(a), 2(c), and 2(e),
the honeycomb-shape NZFs have grown randomly
over the entire surface of the Mo layer, and are com-
posed mainly of granulated nano-ZnO grains, (50 nm—
100 nm). However, for the hydrogen plasma treated
sample, vertically standing and mutually intersecting
ZnO nanosheet films (VIZNSFs) are formed regularly

Fig. 2. Field emission scanning electron microscope images of the ZnO films deposited on Mo layer, where panel (a) is for

un-treated sample, panel (b) for hydrogen plasma treated sample, and panels (¢) and (d), and panels (e) and (f) are for the

magnifications of panels (a) and (b), respectively.
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on the Mo layer, as shown in Figs. 2(b), 2(d), and 2(f),
respectively, the thickness of ZnO nanosheets are typ-
ically 12 nm-20 nm. For the hydrogen plasma treated
NZFs, the surface resistance decreases to 100 k{2 per
square from 10 MQ per square (for untreated NZFs).
Obviously, NZF surface structure and surface resis-
tance changes are attributed to the hydrogen plasma
treatment.

2.2.Field electron emission result and
discussion

Finally, a functional field emission device was
made by using NZF's film/Mo film/Al;O3 ceramic as a
cold cathode, glass/indium-tin oxide (ITO) film with
fluorescent coat as anode, and keeping cathode and
anode apart by a 220-um insulating sheet of mica film.
This NZF field emitter was placed in a vacuum sys-
tem with a Hyvac pump operating at a base pressure
of about 5.0 x 107° Pa.

Typical curves of J-F were depicted in Fig. 3(a).
In this study, FE current density was roughly obtained
only by dividing the measured FE current by the area
of sample (4.0 cm?), the threshold E (Eyy,) was defined
as E at which J = 10 pA/cm?. For the un-treated
sample, Fy, was found to be 1.1 V/um and a cur-
rent density of 39 pA /cm? was obtained at an electric
field of 4.27 V/um. For the hydrogen plasma treated
sample, the threshold field increases to 1.2 V/um,
but as shown in Fig. 3(a), the observed J rapidly in-
creases with E increasing and exceeds 0.11 mA /cm?
at E = 2.47 V/um. Figure 3(a) shows a series of J—
E data including the 1st, 3rd and 5th measurements
(for hydrogen plasma treated sample), indicating that
the present H-treated sample yields a reasonable re-
producibility of the J—F characteristics only after sev-
eral sufficiently high E values. Figure 3(b) shows the
Fowler—-Nordheim (FN) plots, where obviously the J—
E data of the un-treated sample do not follow the orig-
inal FN relation since they are not well represented in
the FN plot by a negative slope straight line, which
does not show the traditional cold cathode emission
and does not correspond to a classical electron tun-
neling mechanism. For the hydrogen plasma-treated
sample, the nonlinear characteristic of the FN plot
does not occur (F > 0.86 V/um), the FN plot is a
negative slope straight line corresponding to classical
electron tunneling mechanism.

These experimental results can be explained as
follows. There are a lot of high-energy hydrogen ions
and high-energy electrons in the hydrogen plasma,

they play an important role in transferring the micro-
structure of the ZnO films. In addition, hydrogen ions
and electrons will inevitably enter into the ZnO film,
which will form some special surface states and lead
to the ZnO thin film changes in structure and surface
resistance. Furthermore, these electrons, which are in-
jected into the NZF, enter into the conduction band of
nano-ZnQO material more easily, thereby directly lead-
ing to the decrease of surface resistance and the im-
provement of field emission characteristics of NZF.
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Fig. 3. (a) Plots for emission current density (J) ver-

sus electric field (E) of the NSF sample, and (b) plots for
Fowler—Nordheim (FN) from NSFs.

3. Conclusions

VIZNSF's are successfully deposited on Mo layers
using the catalyst-free electron beam deposition tech-
nique and the hydrogen plasma treatment technique.
A lowest turn-on field of 1.2 V/pm, high average
emission current density of 0.11 mA/cm? at a macro-
scopic electric field of 2.47 V/um are obtained from
the VIZNSF. In addition, for the hydrogen plasma-
treated sample, the field emission current density in-
creases more than four times at an electric field of
2.47 V/um. Its surface resistance, which is measured
by a square resistance tester (model KDY-1), can be
reduced to 100 k) per square from 10 Mf) per square.
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The macroscopic FE areas of the measured samples

are 4.0 cm

2. The higher emission current density is

considered to be due to the unique geometry struc-

ture and lower surface resistance of the VIZNSF.
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