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Effects of RF power on properties of ZnO thin films grown on
Si (0 0 1) substrate by plasma enhanced chemical
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Abstract

ZnO thin films have been grown on Si(1 0 0) substrate by plasma enhanced chemical vapor deposition (PECVD) using

a zinc organic source (DEZ) and carbon dioxide (CO2) gas mixture at a low temperature. It is demonstrated that the

radio frequency (RF) plasma power can dramatically effect the properties of ZnO thin films. The quality of ZnO thin

films was studied by X-ray diffraction (XRD), atomic force microscopy (AFM), and photoluminescence spectra (PL).

Under the optimized condition of RF power of 19W, a c-axis-orientated wurtize structure ZnO thin film with the XRD

full-width at half-maximum (FWHM) of 0.211 was prepared, and a strong free excitonic emission with a narrow PL

FWHM of 90meV at 3.286 eV was observed. The origin of the UV band is the free exciton recombination, as verified by

temperature dependent PL spectra.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Zinc oxide (ZnO), a wide band gap semicon-
ductor (Eg=3.4 eV) with a large excitonic binding

energy of 60meV has been recognized as a
promising material for use in ultraviolet light
emission devices and laser diodes. Recently, the
optically pumped stimulated emission of ZnO thin
films has been reported [1–5], making it a hotspot
in the optoelectronic material and devices, as a
promising candidate for realizing the short-wave-
length light-emitting devices (LEDs). Further-
more, ZnO devices should not suffer from
dislocation degradation during operation, as it is
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one of the ‘‘hardest’’ materials in the II–VI
compound family [6].
In the present paper, we employ a plasma

enhanced chemical vapor deposition technology
(PECVD) to prepare ZnO thin films on a Si(1 0 0)
substrate. An obvious advantage of the method is
to grow thin films at low temperature. This is
because the chemical reactants can be easily
activated by the radio frequency electron-magnetic
field. Generally, the thin-film quality is closely
dependent on the temperature of the substrate
(TS), the gas flow rate ratio of Zn(C2H5)2 (DEZ)
to CO2 (GFRRZC), and in particular, the radio
frequency (RF) power. The relationships of the
properties of ZnO thin films with TS and
GFRRZC have been studied in detail [7,8].
However, the effects of RF power on the
characteristics of ZnO thin films have not been
sufficiently investigated. A series of samples with
different RF powers were prepared to investigate
the effect of the radio frequency (RF) power on
the properties of ZnO thin films. The properties of
the ZnO thin films were studied employing X-ray
diffraction (XRD), atomic force microscopy
(AFM) and photoluminescence spectra (PL). The
origin of the UV band is from the free exciton
recombination, which was determined by the
temperature dependent PL spectra.

2. Experimental procedure

ZnO thin films are grown by PECVD from the
gas mixture of diethylzinc and carbon dioxide. The
schematic structure of the PECVD system is
shown in Fig. 1, which has the 15-cm diameter
parallel-faced electrodes for the capacitive cou-
pling discharge. The chamber size is 22 cm in
diameter and 21 cm in height. The electrode
spacing is 3 cm, and the discharge is observed to
be almost uniform throughout the 15-cm diameter
electrode area. The gas flow rates are controlled by
different gas flowmeters. The DEZ source is
packed in a steel cylinder cooled to 201C by a
CW-1 type fine controlled temperature semicon-
ductor device. High-purity hydrogen is used as the
carrier gas for carrying DEZ into the reactive
chamber. CO2 does not react with DEZ at room

temperature. Thus, CO2 can be blended ade-
quately with DEZ before they enter the plasma
chamber. The Si substrates are chemically treated
by a standard RCA process [9]. The background
pressure is less than 4� 10�4 Pa in the reactor
chamber. Argon and hydrogen are filled into the
plasma chamber sequentially. After the Si sub-
strate is heated, which is measured by a copper–
constantan thermocouple, RF power is loaded
into the chamber. The argon and hydrogen
plasmas generated by the RF in the plasma
chamber are used to clean the Si surface. The
cleaning of Si surface was carried out by a three-
step process. At first, the argon and hydrogen
plasmas induced from the RF with a power of
80W in the chamber are used to remove the oxide
layer. A 30min processing time is used for oxide
cleaning. Secondly, ammonia gas is introduced
into the plasma chamber to nitridate the Si surface
for 15min [8]. Then the RF power is adjusted to a
determined value to grow the ZnO thin films.
In order to investigate the effects of RF power

on the quality of ZnO thin films, a series of
samples were grown on Si substrates with different
RF powers. The detailed growth conditions are
listed in Table 1.
The crystalline quality of the ZnO layers was

examined by XRD using a rotating anode X-ray
diffractometer with CuKa1 radiation of 1.54 (A.
The topography of the thin film was imaged under

Pumping 
system 

Zn(C2H5)2 
At 6˚C 

electrode 

sample 

Rf power 

Cool well 

Plasma 
chamber  

CO2 

Ar 

H2 

FM 

FM 

FM 

Fig. 1. Schematic diagram of the plasma enhanced chemical

vapor deposition.
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ambient air with a convention AFM (Park
Scientific Instrument Co.).The PL spectra were
measured using a UV Labran Infinity Spectro-
photometer (J-Y Company, French) excited by a
continuous He–Cd laser with an output power of
30mW. The PL signals were detected by a CCD
camera with a high resolution of 0.04 nm. Mea-
surements were taken in the range of 83–580K by
placing the sample cells in a cryogenic unit.

3. Results and discussion

Fig. 2(a–f) show the X-ray diffraction patterns
of the ZnO thin films prepared by PECVD with
different RF powers. At a RF power of 6W, there
is a dominating (0 0 2) peak and a very weak (1 0 1)
peak, as shown in Fig. 2(a). With increasing RF
power, the intensity of the (1 0 1) peak significantly
decreases, as shown in Fig. 2(b). When the RF
power reaches 19W, the peak of (1 0 1) disap-
peared and only a (0 0 2) peak of ZnO appeared, as
shown in Fig. 2(c). If we further increased the RF
power to 35, 50 and 70W, the diffraction intensity
of (0 0 2) decreased and the (1 0 0), (1 0 1), (1 0 2),
(1 1 2), and (1 0 3) diffraction peaks reappeared, as
shown in Fig. 2(d–f). Additionally, the full-width
at half-maximum (FWHM) of the (0 0 2) ZnO
peak at 34.421 is closely dependent on the RF
power. FWHMs of samples A–F are 0.371, 0.241,
0.211, 0.351, 0.371, and 0.341, respectively. The
mean grain size, d, is calculated by employing the
Scherrer formula [10]. According to this formula,
the mean grain sizes of samples A–F are 23.5, 36.2,

41.4, 24.9, 23.5 and 25.5 nm, respectively. The
PECVD technology employs a glow discharge to
generate active species such as ions, atoms,
molecules or free radicals. At low RF power,
ZnO thin films look faint yellow. This is because
the low RF power cannot produce enough active
oxygen, resulting form the large bond energy of
CO2. When the RF power increases to 19W, the
active oxygen increases, the films become clean-
cut, and the color of yellow disappears. It is known
that the surface free energy of semiconductors
strongly depends on the hybridized orbit [11].
When the ZnO film was deposited onto a substrate
without the influence of epitaxy, the surface of a
film tends to be (0 0 2) plane, because this plane has
a minimum surface free energy. Of course, this
model is appropriate for the case where the atomic
diffusion is large at the out surface of the growing
film [12]. Increasing the input RF power can
enhance the mobility of species on the substrate
[13]. This can be understood by the following
processes. The running ions can collide with the

Table 1

The deposition conditions of ZnO thin films with changing the

RF power.

Sample (RF) power

(W)

Temperature of

the substrate

(1C)

Gas flow ratio

of Zn(C2H5)2 to

CO2

A 6 230 1:1

B 14 230 1:1

C 19 230 1:1

D 35 230 1:1

E 50 230 1:1

F 70 230 1:1

X 0.5

(b)

30 40 50 60

(c)

30 40 50 60
θ_2θ (degree)
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X 20
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Fig. 2. X-ray diffraction patterns of the ZnO thin films grown

on Si(1 0 0) substrates with changing RF power: (a) 6W; (b)

14W; (c) 19 W; (d)35W; (e) 50W; (f) 70W.
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adsorbed species and exchange the momentum
with each other; the UV irradiation can enhance
the mobility of adsorbed species [14]. Thus, an
increasing of RF power results in the decrease of
the (1 0 1) peak and the formation of a full c-axis
orientated ZnO thin film. However, if the input
RF power further increases, the crystal quality of
the ZnO thin films becomes poor. This may be due
to a faster reactive rate and surface damage by the
bombardment of more energetic particles.
The dependence of the morphology of ZnO thin

films on the input RF power was investigated
using atomic force microscopy. In this experiment,

we find that the surface roughness and the grain
shape of ZnO thin films are closely related to the
RF power, as shown in Fig. 3(a–f). At low RF
power, columnar ZnO grains stand perpendicular
to the substrate, as shown in Fig. 3(a) and (b). For
an input RF power of 19W, the film exhibits a
smooth surface. However, the surface becomes
rough with further increasing of RF power, and
the grain shape becomes irregular. From Fig. 3, it
can be deduced that film densification and surface
damage induced by plasma bombardment and
ultraviolet ray irradiation are related to the RF
power.

Fig. 3. AFM images of ZnO thin films prepared at different of RF powers: (a) 6W; (b) 14W; (c) 19W; (d) 35W; (e) 50W; (f) 70W.
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Fig. 4(a–f) show the PL spectra of the ZnO thin
films measured at room temperature. For the PL
spectra, the main emission properties were closely
dependent on the RF power. With the low RF
power, only an UV band can be seen in the PL
spectra, as shown in Fig. 5(a–c). With increasing
RF power, a visible band appears and becomes
strong while the UV band decreases. When the
input RF power is 70W, the UV band as well as
the visible band is drastically quenched, as shown
in Fig. 4(f). Generally, it is accepted that the origin
of visible band is relative to oxygen vacancies [15].
Increasing RF power results in creating more
oxygen vacancies. In III–V semiconductors, ener-
getic ion bombardment can induce preferential
sputtering of the relatively light atom, resulting in
a nonstoichiometric surface [16,17]. In our experi-
ment, the growth of ZnO thin film is carried out in

plasma, which is accompanied by energetic ion
bombardment. With the increase of RF power,
enhanced high energetic ion bombardment leads to
damage, and the quality of ZnO thin film will
become poorer. Thus, the oxygen atom will be
preferentially lost in the film, and defects will be
generated by the sputtering of running ions [18].
The FWHMs of the PL spectra of samples A to F
are 159, 129, 90, 137, and 158meV, respectively.
The linewidth measured at room temperature is
90meV which is much narrower than the results of
120, 117, 109meV that have been previously
reported [8,19,20]. The peak positions of the UV
band change between 3.234 and 3.286 eV, as
shown in Fig. 4. The UV band of sample A is
from a bound exciton, while the origin is a free
exciton in sample C. This conclusion was reached
by the temperature dependent PL spectra, as
discussed in the next section. Here, we think the
UV band was overlapped by free exciton and
bound exciton recombination for samples B, D,
and E, because their characteristics stand between
samples A and C. With improving quality of the
ZnO thin film, the density of defects was reduced,
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Fig. 4. PL spectra of ZnO thin films prepared at different RF

power: (a) 6W; (b) 14W; (c) 19W; (d) 35W; (e) 50W; (f) 70W.
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Fig. 5. Left: The PL spectra of sample C (prepared at an input

RF power of 19W) at different temperatures (a). Right: the

integrated PL intensity dependence on the temperature (b).

The square data points are experimental points simulated by

the theoretical formula, equation IðTÞ ¼ I0=1þ A exp

ð�DE=kBTÞ:
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resulting in a narrower FWHM as well as a blue
shift in the UV band.
To provide more information to understand the

origin of the UV emission, we studied the optical
properties of samples A and C at various
temperatures. Fig. 5(a) shows the temperature
dependent PL spectra of sample C in the range
of 80 to 580K. In Fig. 5(a), the peak intensity of
the UV band increases significantly with decreas-
ing temperature. The intensity at 83K is 26 times
higher than that at 573K. Fig. 5(b) is the
temperature dependence of the integrated PL
intensity of sample C. Generally, the thermal
quenching of luminescence intensity can be ex-
pressed as [21,22]

IðTÞ ¼
I0

1þ A expð � DE=kBTÞ
; ð1Þ

where DE is the activation energy of the thermal
quenching process, kB is Boltaman constant, I0 is
the emission intensity at 0K, T is the thermo-
dynamic temperature, and A is a constant. When
using this theoretical formula to fit our experi-
mental data, as shown Fig. 5(b), we get DE as
61.9meV. This value is in agreement with the
exciton binding energy of 60meV in bulk ZnO
crystal. Thus, we can conclude that the UV band

of sample C is from free exciton recombination. In
contrast to sample C, the intensity of the UV band
in sample A does not show as large of a
temperature dependence, i.e. the peak intensity of
the UV band is only 5 times higher at 83K than
that at 573K, as shown in Fig. 6(a). The activation
energy, DE; is 44.3meV by simulating the experi-
mental data with Eq. (1), which is obviously
different from the free excitonic binding energy
of 60meV in bulk ZnO. So we conclude the UV
band in sample A is from bound exciton recombi-
nation.

4. Conclusion

ZnO thin films have been grown on Si(0 0 1)
substrates at low temperature. It has been shown
that the RF power affects the quality of the ZnO
thin films. The crystal quality, as well as the
morphology of the surface and the optical proper-
ties of ZnO thin films, are dependent on the RF
power. The plasma can induce a process of film
densification, and it can also damage the film at
high RF power. At the optimal RF power of 19W,
a c-axis orientated ZnO thin film with a smooth
surface and an excellent free exciton emission was
obtained.
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