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Abstract Zinc oxide thin films were deposited on poly-
ethylene terephthalate (PET) substrate by the electron
cyclotron resonance-metal organic chemical vapor depo-
sition (ECR-MOCVD) method at room temperature with
the addition of hydrogen to the reaction gas. Diethyl zinc
(DEZn) as the source precursor, O, as oxidizer and argon
as carrier gas were used for the preparation of ZnO film.
Scanning electron micrography and X-ray diffraction
analyses revealed that the ZnO grains with size of ca.
20 nm had an elliptic cylindrical configuration and were
highly c-axis-oriented. The hydrogen content strongly
affected the crystallographic structure, electrical property,
and composition, as well as the surface roughness of the
zinc oxide films. The chemical composition and surface
states of the films were further examined by RBS and XPS
to find the reason for the different electrical resistivity with
variation of H,/Ar ratio. It can be concluded that hydrogen
content plays an important role in increasing the Hall
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mobility, hole concentration, and electron concentration in
our experimental range.

Introduction

The room temperature deposition of ZnO films on poly-
ethylene terephthalate (PET) substrate enabled by the
employment of ECR-MOCVD has attracted much attention
for potential applications in flexible displays, curved cir-
cuits, optoelectronic devices, curved detector arrays, and in
sensor skins. In any application, the plastic substrate pro-
vide devices that are lighter in weight and more resistant to
impact damage, making them suitable for portable devices
[1-4]. Zinc oxide has optical transmittance over 90% in the
visible wavelength region as a transparent conductive
oxide. It also could be used by an optical field due to the
band gap in the range of 3.2-3.3 eV [5-12]. ZnO in the
form of thin films on PET has many advantages, such as its
lighter weight, smaller volume, lower cost, and flexibility
when compared with deposition on glasses. For the depo-
sition of ZnO on polymer, low temperatures are required
for preparation due to thermal weakness of plastic mate-
rials. Besides, the adhesion between metallic layer and
plastic substrate is critical to a variety of vacuum tech-
nologies [13—15]. In recent years, we have developed the
ECR-MOCVD method by using an organometallic pre-
cursor at room temperature, in which a periodic negative
voltage is applied beneath the polymer substrate [16—18].

We have studied the chemical vapor deposition of ZnO
films at room temperature using organometallic precursors
of diethyl zinc under ECR plasma. In this work, the rela-
tionship between the characteristics of the zinc oxide film
and process parameters is investigated and their electrical
properties are determined as a function of Hy/Ar mole ratio.

@ Springer



3418

J Mater Sci (2008) 43:3417-3423

Experiment

The substrates used for the experiments were PET with a
thickness of 0.1 mm samples were cut into 15 x 15 cm?
squares. The nozzle stood at a distance of 2 cm from the
substrate to spray the deposition zone with the reaction gas.
The precursor, diethyl zinc (DEZn) with a purity of 99.9%,
was used as the organometallic source. An ECR plasma
system with two electromagnetic was employed to carry
out the experiments. It consisted of two separate zones, the
plasma zone and the deposition zone. The system was
pumped down to a base pressure of 1 x 107° Torr with a
turbomolecular pump, backed by a rotary mechanical pump
and a Roots blower pump. The precursor, DEZn, was then
introduced into the deposition chamber using Ar as a car-
rier gas. The carrier gas, Ar, flowed through the bypass line
of the DEZn bubbler until the reactor was stabilized; then it
flowed into the reactor through the DEZn bubbler, which
was maintained at —10 °C. At the same time, H, gas was
introduced directly into the reaction chamber. The ECR
microwave plasma was generated using a microwave
generator (2.45 GHz) coupled with a magnetic field
(875 Gauss). The samples were prepared under the fol-
lowing conditions: a working pressure of 10 mTorr, O,/Ar
and H,/Ar content ratios of 1.4 and 0-0.6, respectively,
deposition time of 15 min, and microwave power of
850 W. The morphology and grain size of the films were
determined through micrographs obtained using field
emission-scanning electron microscopy (FE-SEM). The
X-ray diffraction (XRD) studies were carried out in a Rig-
aku Miniflex diffractometer (Cu Ko radiation 1.5406 A),
with a thin film attachment. The surface topography anal-
ysis was performed by atomic force microscopy (AFM).
The sheet resistance of the films was measured by a four-
point probe, with appropriate geometric corrections. Also,
the carrier concentration and mobility of the films were
investigated by using Hall measurement equipment (HEM-
1000). Transmittance spectra were obtained from 300 to
900 nm using a UV-VIS spectrophotometer. Photolumi-
nescence (PL) spectroscopy was selected for the optical
characterization of the ZnO films. The PL measurements
were conducted at room temperature by means of a fluo-
rometer, with a laser having an excitation wavelength of
350 nm. The chemical composition of the ZnO films was
examined by X-ray photoelectron spectroscopy (XPS) and
RBS (National Electrostatic, MEV in beam accelerator)
with maximum 2 MV.

Results and discussion

Typical growth mechanism of ZnO film by the ECR-
MOCVD are as follows In the first step, the electrons and
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hydrogen ions with high energy are generated by ion
impacts and decomposition of the plasma gas in the ECR
plasma zone. After the inelastic collisions of the DEZn
molecules with electrons and ions, the activated DEZn can
be hydrogenated. Zinc ions, carbon fragments, and hydro-
gen ions are generated by decomposition of the precursor.
Most of zinc ions formed in the bulk plasma are maintained
at a positive charge. The ZnO films are obtained from
reacting these positive-charged zinc ions with negative
charged oxygen ions in the plasma.

In order to understand how the mole ratio of H, to argon
(Ar) affects ZnO nanostructure, we compared the surface
morphologies of ZnO film on PET surface synthesized at
five different conditions. Figure 1 shows the SEM images
of the ZnO film obtained by ECR-MOCVD. It can be seen
that the film is composed of nano-grains, which appear to
be elliptic cylinders with an open packed structure. The
ZnO grains that grow under an argon atmosphere (at
H,/Ar = 0) are about 12 nm in diameter and 65 nm in
length. The length of the cylinder in Fig. 1a is not uniform
over all specimens. This variation is possibly caused by
rapid growth from high concentrations of zinc ions in and
around the film surface [19]. The hydrogen plasma, gen-
erating in the reaction zone under hydrogen rich conditions,
can supply high-density zinc ions to the surface atoms of
the elliptic cylinders to promote the formation of larger
diameter ZnO grain. The cross-sectional SEM images also
show that the measured film thickness was about 400 nm.
Introducing H, into the reactor increases the size of a ZnO
grain but not the film thickness. The length of a grain
increased up to ca. 160 nm gradually with an increasing
H,/Ar ratio and then remained constant for a H,/Ar ratio of
0.45-0.6. The film thickness was constant at 600 nm with
regardless of the change in H,/Ar ratio. The increase of the
H,/Ar mole ratio is associated with the degree of decom-
position of the zinc precursor, DEZn. The rods grow in size
because energy from the excited hydrogen is transferred to
the precursor of Zn, DEZn. However, too much hydrogen
in the reactor may lead to etching of the film by excess ion
bombardment of the surface. The constant film thickness
observed, therefore, was due to a balance between hydro-
gen ion etching and a surface reaction of the decomposed
zinc.

XRD patterns of the ZnO thin films deposited on PET at
different Ho/Ar mole ratios are shown in Fig. 2. It can be seen
that ZnO deposited with mixed orientation for (002), (100),
(101), and (110) planes. From these results, we see that all
X-ray diffraction peaks can be identified as a polycrystalline
wurtzite-type structure of ZnO consistent with the values in
the standard index (JCPDS 36-1451). With an increasing
H,/Ar mole ratio, the ZnO film takes on a preferred orien-
tation of (002), while other orientations like (100), (101), and
(110), are also seen with comparatively lower intensities.
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Fig. 1 SEM morphology of
ZnO films deposited on PET by
ECR-MOCVD with H,/Ar ratio
of (a) 0, (b) 0.15, (¢) 0.3, (d)
0.45 and (e) 0.6. Microwave
power of 850 W, magnetic
current power of 160 A,
distance from the magnet to the
DEZn feeding point of 5 cm,
distance from the DEZn feeding
point to the substrate of 2 cm,
working pressure of 10 mTorr,
and a deposition time of 15 min

Therefore the crystallites are highly oriented with their c-axis
perpendicular to the plane of the substrate. In addition,
dominant signals associated with the (100) and (101) planes
are found for ZnO films prepared in the presence of hydro-
gen. Crystallites size estimates for the ZnO thin films as a
function of the Ho/Ar mole ratio were calculated from the
(002) peaks in the XRD patterns. Measuring the full width at
half-maximum (FWHM), crystallite sizes were estimated
using the Debye—Scherer formula [20].

D =0.94/Bcos0 (1)

where D is the crystallite size, / is the wavelength value of
the CuK,; line, 0 is the Bragg diffraction angle and B is the
FWHM of the diffraction peak measured in radians. As
shown in the Table 1, only a slight decrease in the calculated

crystallite size is observed with increasing H,/Ar mole ratio.
Therefore, the effect of Hy/Ar mole ratio on the crystallite
size is insignificant.

Figure 3 shows the typical transmittance spectra for
ZnO films on PET substrate in the visible range of 380—
800 nm. When we compare the transmittance spectra for
ZnO films of Fig. 3(a—e), a significant difference was not
observed in the shorter wavelengths below 500 nm. The
transmittance is about 90% in this range for all of the ZnO
films. However, the transmittance of the ZnO film gradu-
ally decreased with an increase of wavelength and then
increased slightly with a further increase of wavelength up
to 700 nm. On the other hand, transmittance of ZnO films
prepared without hydrogen (Fig. 3a) increased continu-
ously up to maximum and then decreased slightly with an
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Fig. 2 X-ray diffraction patterns of ZnO thin films for various Hy/Ar
ratio of (a) 0, (b) 0.15, (¢) 0.3, (d) 0.45 and (e) 0.6

Table 1 Crystallite size and FWHM for ZnO film deposited at dif-
ferent Hy/Ar mole ratios

H,/Ar mole ratio FWHM Crystallite size (nm) + 10%
0 0.682 21.33
0.15 0.682 21.32
0.3 0.706 20.60
0.45 0.706 20.60
0.6 0.706 20.60
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Fig. 3 Transmittances of ZnO film prepared by ECR-MOCVD with
Ha/Ar ratios of (a) 0, (b) 0.15, (¢) 0.3, (d) 0.45 and (e) 0.6

increase of wavelength. The lower transmittance of ZnO
films in the presence of hydrogen is attributed to the large
particle size, which causes light scattering through higher
surface roughness. These results possibly may be explained
by a quantum confinement effect that arises from differ-
ences in crystalline size [21].

Figure 4 shows the photoluminescence spectra of ZnO
obtained at room temperature in the photon energy range

@ Springer

from 2.5 to 3.5 eV using an excitation photon energy (eV)
of 3.2-3.3 eV. The peaks at 3.25 eV are due to the optical
photon energy of ZnO. The small peak at 2.35 eV corre-
sponds to the recombination of free electrons with holes via
interstitial zinc, or via defects at the grain boundary [22,
23]. A strong PL peak, centered at 3.2-3.3 eV, corresponds
to the near photon energy edge emission at 3.25 eV.

Figure 5(a—e) show surface morphology, as analyzed by
AFM microscopy, of ZnO films deposited at different
H,/Ar mole ratios. In the case of the sample deposited at
H,/Ar = 0, the corresponding image (Fig. 1a) shows a
porous surface morphology composed of grained separated
by voids. For films deposited at Hy/Ar ranging from 0.15 to
0.6, AFM images in Fig. 4(b—e) reveal the growth of
grains, both isolated and those agglomerated to form bigger
grains. By increasing the H,/Ar mole ratio, the root mean
square (RMS) roughness first decreases, and then increases,
reaching a minimum value of 5.3 at Hy/Ar = 0.3. This
indicates that the smoothest surface is obtained at that ratio.
The highest RMS roughness, observed at Hy/Ar = 0, is
caused by the unstable decomposition of DEZn. Increasing
the Hy/Ar ratio increases the decomposition of DEZn as
well as the mobility of deposited ions resulting in a lower
RMS roughness. For H,/Ar mole ratios over 0.3, the
etching effect dominates the surface morphology.

Figures 6 and 7 show the chemical analysis of the films
carried out by the complementary XPS and RBS tech-
niques. In the case of XPS, the analyses were conducted
after cleaning of the samples by a mild sputtering treatment
to remove any organic contamination due to adsorption
from the atmosphere. After this surface cleaning, only Zn
and O atoms were present on the surface of the films,
indicating that the organometallic precursors were fully
decomposed and the by-products (CO,, CHx, EtOH, etc.)
were released to the gas phase during deposition. The
chemical state of the ZnO film surface prepared by ECR-

Intensity (arb.)

3.3 3.0 2.7 2.4 21
Photon energy (eV)

Fig. 4 Photoluminescence spectra of ZnO films at various H,/Ar
ratios: (a) 0, (b) 0.15, (¢) 0.3, (d) 0.45 and (e) 0.6
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Fig. 5 Three-dimensional
topography obtained by atomic
force microscopy of ZnO films
prepared at different Hy/Ar
ratio: (a) 0, (b) 0.15, (¢) 0.3, (d)
0.45 and (e) 0.6
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CVD was analyzed by XPS. The spectra of Cls, Ols,
Zn2p3 obtained are shown in Fig. 6. The Cls spectrum for
the ZnO deposited film by ECR-CVD consisted of three
distinct peaks: C-H (285 eV), C-O (286.4-287.0 eV),
C=0 (288-288.4 eV). Oxidized zinc (530 e¢V) and the
O=C bond (532 eV) appear in the Ols spectrum. As a
result of curve fitting for the Zn2p3 spectrum, the Zn2pl
(1043.89 eV) and Zn2p3 (1022.1 eV) peaks were isolated.
It was also found that the electronic parameters for the Zn

(Zn2p3: 1021 eV, Znpspmasmas: 988 eV) and O (Ols:
530 eV) signals are similar to those found for ZnO.

As shown in Fig. 7, RBS analysis of a selected group of
films deposited on PET showed that elemental Zn and O
were observed inside the films, in agreement with results
obtained by XPS in Fig. 6. RBS also showed that the ZnO
molecules were homogeneously distributed in the depth
direction and that there is a clear correlation between zinc
and oxide content.
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Fig. 6 Peaks of chemical binding energy from the XPS of ZnO films deposited on the PET substrate
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Fig. 7 Composition, thickness and distribution of ZnO inside the
films obtained by Rutherford back scattering for a small set of sample

The atomic ratios of both oxide and carbon to metal zinc
in the films prepared as a function of an H,/Ar mole ratio,
determined from RBS and XPS measurement of Fig. 6 and
Fig. 7, and normalized as ZnO are shown in Fig. 8.
Without the addition of hydrogen, the plasma polymeri-
zation of the diethyl functional group leads to the formation
of carbon rich surface layer in the ZnO film. The C/Zn
mole ratio of the films decreases gradually with the
increase in hydrogen content. The reason for these results
can be explained by the increase in partial pressure of
hydrogen in the plasma that generates of the more hydro-
gen ions through the inelastic collisions in the plasma.
These hydrogen ions lead to the formation of stable volatile
organic compounds such as CH,, C,H,, C;Hg, alcohol, CO,
CO,, OH, etc., by a gas phase substitution reaction with
DEZn. The O/Zn ratio was non-symmetrical stoichiometric
and in the range of 0.5-0.7. The highest O/Zn ratio was
observed at zero hydrogen content, and it decreased
slightly with an increase of the H,/Ar mole ratio. In con-
sequence, the addition of hydrogen to the plasma leads to
Zn-rich ZnO films.

@ Springer

0.4 0.8
407
0.3} ©
2 \ ‘5
= 406 §
St
2 02} O\o/ﬁaﬁ 2
g {05 E
= N
S S
©o1f 0
v—%] \ 40.4
D/D
0.0 L L 0.3

0.00 0.15 0.30 0.45 0.60
H,/Ar mole ratio

Fig. 8 The composition of the films determined by XPS as a function
of H,/Ar mole ratio

The ZnO films with a stoichiometric mole ratio of zinc
and oxygen have the insulator properties, but on the other
hand it becomes as a conductor according to non-sym-
metrical stoichiometry of zinc and oxide. Therefore the
electrical properties of ZnO are strongly influenced by
process conditions that may change of the deposited
composition. Figure 9 shows the Hall mobility and elec-
trical resistivity of the ZnO films on the PET films, which
were measured respectively by a Hall measurement system
and the 4-point probe method at room temperature. As the
H,/Ar ratio increases from O to 0.6, the film resistivity
decreases and reaches a minimum value of 2.5 x 10~
2 Q cm. Increase of the H,/Ar ratio leads to highly con-
ducting ZnO films. The Hall mobility increases gradually
from 8.0 to 34.0 cm?> V™' s™! as the H,/Ar ratio increases
from O to 0.6. However, with an increase of thickness of the
ZnO layer from 400 to 600 nm, surface resistivity of the
film decreased. The increase in film thickness caused by
the hydrogen content resulted from the enhanced decom-
position of DEZn under an ECR plasma atmosphere.
Table 2 also shows that hole and electron concentration
increase with the Hy/Ar. Thus hydrogen content plays an
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Fig. 9 Effect of the Hy/Ar mole ratio on electrical resistivity and
average of mobility of ZnO film

Table 2 Hole and electron concentrations for ZnO film deposited at
different H,/Ar ratios

H,/Ar mole Hole concentration Electron concentration
ratio (cm™?) (cm™?)

0 478 x 10" 143 x 107

0.15 6.42 x 10" 2.04 x 10"

0.3 1.52 x 10% 3.21 x 10%

0.45 1.82 x 10% 5.74 x 10

0.6 1.67 x 10% 5.82 x 10"

important role in increasing the Hall mobility, hole con-
centration and electron concentration.

Conclusions

Effect of the hydrogen content on the characteristics of zinc
oxide film prepared on PET substrate at room temperature
using the ECR - CVD system was investigated. The ZnO film
has a polycrystalline hexagonal wurtzite structure that cor-
responds to the (100), (002), (101), and (110) faces. Zinc
oxide films of good electrical and optical property require
H,/Ar ratios of about 0.45. A rough surface with large grains
was obtained for films deposited at Hy/Ar ratios of 0.45 and
0.6. The atomic concentrations of Zn and O were uniform
across the film thickness, but the composition ratio of Zn and
O varied with the Hy/Ar concentration in the range of 0.5—
0.7. Hall mobility increased with a lower of O/Zn ratio,
which related closely to the hydrogen content. The highest
Hall mobility of 34.0 cm® V~' S™! and carrier concentra-
tion of 5.74 x 10> cm ™ were observed at an O/Zn ratio of

0.56. The zinc oxide atoms were homogeneously distributed
in the depth direction and a distinctive interface between the
ZnO film and PET substrate was observed. The observed
maximum transmittance and electrical resistivity were over
90% and 2.5 x 1072 Q cm, respectively, in the experi-
mental range studied.
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