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Growth of high quality ZnO thin films at low temperature on Si „100…
substrates by plasma enhanced chemical vapor deposition
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High quality ZnO thin films with ac-axis-orientated wurtize structure have been grown on a Si~100!
substrate by plasma enhanced chemical vapor deposition using a zinc organic source@Zn(C2H5)2#
and carbon dioxide (CO2) gas mixture at low temperature. The dependence of ZnO thin-film quality
on the gas flow rate ratio of Zn(C2H5)2 to CO2 ~GFRRZC! is studied by x-ray diffraction~XRD!,
optical transmission spectra~OTS!, and photoluminescence spectra~PL!. The optical properties
show that the GFRRZC has an obvious effect on the band gap of ZnO films. The relationship
between the quality of the ZnO thin films and the substrate temperatures is also studied by XRD and
PL spectra. The XRD spectra show that the full width at half maximum~FWHM! of the diffraction
peak at 34.42° of~0002! oriented ZnO is 0.25° at the optimized condition, indicating the formation
of high quality ZnO films. The PL spectra show a strong excitonic emission at about 3.26 eV
without the emission around 2.5 eV related to deep-level defects, implying the formation of the
stoichiometric ZnO thin films. The smallest FWHM of the PL spectrum of a ZnO thin film is 111
meV at room temperature. ©2002 American Vacuum Society.@DOI: 10.1116/1.1430427#
ve

ria
t

be

r-

ni

th

a
a

m
ve
i

e

ub
ou

of

e
as
the

ar-
f
trate
of

ay

m.
as
by
por
ly
ing
er

Si
red
and
is
ide
der

te
2

I. INTRODUCTION

Recently much attention has been paid to short wa
length lasers for use in high density information storage.1–3 It
is widely accepted that ZnO is the most promising mate
for realizing an ultraviolet laser at room temperature due
its wide direct band gap (Eg53.3 eV) with a large excitonic
binding energy of 60 meV at room temperature.3–5 To obtain
high quality ZnO thin films, a variety of techniques may
used such as molecular-beam epitaxy,6,7 metalorganic chemi-
cal vapor deposition,~MOCVD!,8 magnetron sputtering,9,10

and pulsed laser deposition11 for example. In the present a
ticle, plasma-enhanced chemical vapor deposition~PECVD!
is employed to prepare ZnO thin films using a zinc orga
source Zn(C2H5)2 and CO2 gas mixtures.

PECVD has several advantages in preparing ZnO
films. The quality of the thin film can be improved by a film
densification process induced by plasma bombardment
ultraviolet irradiation.12 Furthermore, the low energy plasm
can enhance the interface reaction. The Zn(C2H5)2 and CO2

are decomposed by high energy electrons in the plas
Thus, the growth can be carried out at low temperature, e
at room temperature. The growth at low temperature w
reduce the strain effect caused by the different thermal
pansions of the deposited layer and the substrate.

There is much interest in obtaining materials on Si s
strates to realize optoelectronic integration. However, to

a!Autor to whom all correspondence should be addressed; also at: Institu
Theoretical Physics, Northeast Normal University, Changchun 1300
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knowledge, there are few papers dealing with the growth
ZnO thin films on a Si substrate,13–16 in particular, the
growth of ZnO thin films on a Si substrate by PECVD. Th
growth of ZnO thin films on Si substrates using PECVD h
an obvious advantage in that the plasma may remove
oxide layer on the Si surface, which is crucial when prep
ing high quality ZnO thin films. In this article, two sets o
samples have been successfully grown to study the subs
temperature and the effect of the gas flow rate ratio
Zn(C2H5)2 to CO2 ~GFRRZC! on the sample quality. The
properties of the ZnO thin films are studied employing x-r
diffraction ~XRD!, optical transmission spectra~OTS!, and
photoluminescence~PL! spectra.

II. EXPERIMENTAL PROCEDURE

Figure 1 is the schematic diagram of the PECVD syste
The flow rate of the two gases is controlled by different g
flowmeters. The gas flow rate of diethylzinc is controlled
adjusting the gas flow rate of hydrogen due to the low va
pressure of Zn(C2H5)2 . The Si substrates are chemical
treated by a standard Radio Corporation of America clean
process17 before being loaded into the growth chamb
which has a background pressure of less than 431024 Pa.
After the argon and hydrogen are let into the chamber, the
substrate is heated to a fixed temperature, which is monito
by a cuprum-constantan thermocouple. Then, the argon
hydrogen plasma induced by the rf field of 13.56 MHz
conducted in the chamber for 15 min to remove the ox
layers. The diethylzinc source is packaged in a steel cylin

of
4,
2652Õ20„1…Õ265Õ5Õ$19.00 ©2002 American Vacuum Society
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266 Li et al. : Growth of high quality ZnO thin films 266
cool well and is kept refrigerated at 6 °C by a CW-1 type fi
controlled temperature semiconductor device.

Generally, both the gas flow rate ratio and the subst
temperature will influence the sample quality. To clarify t
two effects and to find the optimal growth conditions, tw
series of samples have been grown. The pressure in
chamber varied from 80–100 Pa during the GFRRZC exp
ment, and the pressure was held at 120 Pa in the chang
temperature experiment. The detailed growth conditions
listed in Tables I and Table II.

The crystalline quality of the ZnO layers was examin
by XRD using a rotating anode x-ray diffractometer with C
Ka, radiation of 1.54 Å. The OTS were measured by a U
360 Recording Spectrophotometer~Shimadzu! at room tem-
perature. A deuterium lamp was the light source with
wavelength range of 200 to 460 nm. The signals were
tected by an R456-type photoelectric multiplier with a high
resolution of 0.1 nm. The PL spectra were measured usin
UV Labran Infinity Spectrophotometer~J-Y Company,
French! excited by a continuous He–Cd laser with a pow
of 30 mW and detected by a charge coupled device cam
with a high resolution of 0.04 nm.

III. RESULTS AND DISCUSSION

A. Dependence of ZnO thin-film quality on the
GFRRZC

To make the GFRRZC effect obvious, our samples w
grown at the fixed substrate temperature of 180 °C. Figu
2~a!–2~d! shows the XRD spectra of the ZnO thin film
prepared by PECVD with different GFRRZCs. When t

FIG. 1. Schematic diagram of the PECVD.

TABLE I. Deposition conditions of ZnO thin films with the gas flow ratio o
Zn(C2H5) to CO2 ~GFRRZC!.

Sample GFRRZC ~rf! power ~W!
Temperature of the

substrate~°C!
Gas flow rate of

argon~sccm!

A 1:0.5 35 180 4
B 1:1 35 180 4
C 1:2 35 180 4
D 1:3 35 180 4
J. Vac. Sci. Technol. A, Vol. 20, No. 1, Jan ÕFeb 2002
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GFRRZCs are 1:0.5 and 1:1, there are four diffraction pea
as shown in Figs. 2~a!, and 2~b!, indicating multiorientation.
When the GFRRZC is increased to 1:2 the~0002! diffraction
peak dominates the spectrum with very weak diffractio
from the ~1020! and ~1030! orientations. A preferred~0002!
orientation ZnO thin film is obtained when the GFRRZC
1:3. Additionally, with increasing CO2, the full width at half
maximum ~FWHM! of the diffraction peak at 34.42° o
~0002! oriented ZnO becomes smaller. FWHMs of samp
A, B, C, and D are 0.57°, 0.47°, 0.27° and 0.25°, resp
tively. According to the Scherrer formula:18

d50.94l/B cosu, ~1!

whered, l, u, andB are the mean grain size, the x-ray wav
length of 1.54 Å, Bragg diffraction angle, and the linewid
at half maximum of the peak at around 34.42°, respectiv
The mean grain sizes of samples A, B, C, and D are 15
18 nm, 32 nm, and 35 nm, respectively. Because oxygen
or radicals result from the decomposition of CO2, increasing
the CO2 supply will create more oxygen ions and atom
Thus, there will be enough oxygen ions to react with the z
ions and form ordered ZnO thin films. However, if the su

FIG. 2. XRD patterns of the ZnO thin films grown on Si~100! substrates
under the different gas flow rate ratio of Zn~C2H5)2 to CO2 ~GFRRZCs!. ~a!
1:0.5, ~b! 1:1, ~c! 1:2, and~d! 1:3.

TABLE II. Deposition conditions of ZnO thin films with different substra
temperatures.

Sample
Temperature of the

substrate~°C! ~rf! power ~W! GFRRZC
Gas flow rate of

argon~sccm!

A 60 35 4:5 4
B 100 35 4:5 4
C 140 35 4:5 4
D 180 35 4:5 4
E 230 35 4:5 4
 or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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267 Li et al. : Growth of high quality ZnO thin films 267
strate temperature is fixed at 230 °C, the ZnO thin films sh
~0002! preferred orientation with all GFRRZCs. This will b
discussed later.

The optical character of ZnO thin films is studied b
transmission spectra. Here, we employ the character
function:19

~ad!2}hn2Eg ~2!

to calculate the band gap energy, wherehn is the energy of
photons, andEg is the bulk band gap.a is the absorption
coefficient which can be deduced from the transmiss
spectra with scattering from the film surface being neglec
The band gap of ZnO thin films is evaluated by extrapolat
the linear part of the curve to intercept the energy axis. W
increasing carbon dioxide, the calculated band gapEg in-
creases and approaches the bulk band gap as shown in F
We believe the smaller band gap energy is caused by de
which exist between the grain surfaces because the films
polycrystalline. The absorption spectrum can be interpre
as a combination of absorption from the band gap states
the defect states below the band gap. The larger the num
of defect states, the smaller the calculated band gap.
also can be proved by the slope of the absorption edge o
spectra. Here, we find the larger the slope, the larger
calculated band gap. We know the direct band gap semic
ductor will have a very steep absorption edge because o
large density of states~DOS!. However, the absorption of th
indirect gap semiconductor or defects is much less steep
to their smaller DOS. So the increased absorption of
defects will make the absorption edge less steep. The abs
tion spectra are consistent with the results from XRD. W
the increase of the CO2 flow rate, the crystal quality and th
grain size are improved. Thus, a reduction in the defect st
will cause a steeper absorption edge.

Figure 4 is the PL spectra of ZnO thin films with differe
GFRRZCs measured at room temperature. Only the UV b
emission can be observed. With the GFRRZCs increas
from 1:0.5 to 1:3, the FWHMs of the PL spectra becom
narrower. The FWHMs of the PL spectra of the samples

FIG. 3. Square of the absorption coefficient of ZnO thin films grown un
the different GFRRZCs.~a! 1:0.5, ~b! 1:1, ~c! 1:2, and~d! 1:3.
JVST A - Vacuum, Surfaces, and Films
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B, C, and D are 172 meV, 154 meV, 148 meV, and 111 m
respectively. With the increase of CO2, the orientation of the
ZnO thin films, as well as the grain size, is improved. So
FWHMs of the PL spectra become narrower with the
crease of intensity of the UV band emission, which com
from free exciton recombination.20–22 Another interesting
characteristic of the PL spectra is that no deep level em
sions related to oxygen vacancies can be observed, e
when there is a deficiency in the oxygen supply. Perhaps
is due to the fact that oxygen vacancies can be terminate
the excited hydrogen, which is helpful in obtaining the U
emission.

B. Effect of the substrate temperature on the film
quality

Figures 5~b!–5~e! shows the XRD of the ZnO thin films
prepared by PECVD at different temperatures with a fix
gas flow rate ratio of Zn(C2H5)2 to CO2 ~GFRRZC! of 4:5.
At a low substrate temperature, the ZnO thin films are po
crystalline with different orientations, as shown in Figs. 4~b!
and 4~c!. When the growth temperature reaches 170 °C,
diffraction peak of~0002! ZnO makes a dramatic increase.
preferred orientation of~0002! is realized when the growth
temperature reaches 230 °C, as shown in Fig. 2~e!. Moreover,
the FWHM of ~0002! ZnO at 34.42° decreases significant
with increasing substrate temperature. The FWHMs
samples B, C, D, and E are 0.41°, 0.44°, 0.29° and 0.2
respectively. According to the Scherrer formula,18 the mean
grain sizes of the samples B, C, D, and E are about 21
20 nm, 30 nm, and 33 nm, respectively. The quality of t
ZnO thin films is improved as the substrate temperature
creases. The temperature dependence of the film quality
be interpreted mainly by the mobility and diffusion of th
reactants. The reactants are decomposed by the plasma
are adsorbed on the substrate and diffuse into the subs
surface to form ZnO films. However, at low temperature, t
radicals with low surface mobility will be located at differen

r

FIG. 4. PL spectra of ZnO thin films grown at different GFRRZCs.~a! 1:0.5,
~b! 1:1, ~c! 1:2, and~d! 1:3.
 or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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268 Li et al. : Growth of high quality ZnO thin films 268
positions within the substrate. The ambient gases are
adsorbed in the films, limiting the mobility of the reactan
and preventing further growth of grains. Thus, the init
crystal nucleus tends to grow in the direction of availa
reactant flux. Additionally, if the thermal energy supplied
substrate is insufficient, the following chemical reaction c
not take place:

ZnC2H5 ——→
DE

Zn1•C2H5, ~3!

where theDE is the thermal active energy required for th
•C2H5 radical to be released from the substrate. Thus, at
temperature, ZnC2H5 is embedded in the film and adverse
affects the film quality. All of these factors will lead to dif
ferent orientations of crystal grains and the formation
polycrystalline films. As the substrate temperature is
creased, the mobility of reactants is increased and the
product will be released from the substrate. The grain s
may then increase and the film becomes homogeneous. I
ZnO thin films are prepared at room temperature, the fi
will have random orientations and the grain sizes will
small.

Figure 6~a!–6~e! shows the PL spectra of the ZnO th
films prepared by PECVD at different temperatures with
fixed GFRRZC of 0.8 measured at room temperature.
FWHM of the UV band that comes from free exciton reco
bination becomes narrower with the increase of subst
temperature. At 60 °C, shown in Fig. 6~a!, the UV emission
gives a broad peak at 3.43 eV. The blue shifted emissio
caused by the quantum confinement effect due to the s
size of ZnO. At low deposition temperature, the initial crys
nucleus tends to grow in the direction of available react
flux due to the low mobility of radicals, so the grain sizes a
small and the distribution of the grain size is large. At hi
temperatures, the grain size becomes larger and hom

FIG. 5. XRD patterns of the ZnO thin films grown on Si~100! substrates
prepared at different growth temperatures:~b! 100 °C, ~c! 140 °C, ~d!
170 °C, and~e! 230 °C.
J. Vac. Sci. Technol. A, Vol. 20, No. 1, Jan ÕFeb 2002
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neous, so the FWHMs of the PL spectra become narro
and the peaks of the PL spectra have a redshift. The l
shape of the PL spectra shows an asymmetric structure
the low energy side, as shown in Figs. 4 and Fig. 6, which
caused by defects.23 These defects exist at the grain and i
terface boundary between the substrate and epitaxy.
most important property of the PL spectra of ZnO thin film
grown by PECVD is with a strong UV band emissions b
without the deep level emission around 2.5 eV at room te
perature, indicating a stoichiometric ZnO thin film. It is we
known that the binding energy of an oxygen molecule is 5
eV, and conventional technology can not break O2 into active
oxygen atoms, causing the ZnO thin films to have ma
oxygen vacancies. In our experiment, the ZnO thin films
formed in the plasmas. The reactive zinc ions or atoms re
directly with active oxygen ions or atoms obtained from CO2

decomposed by plasma. Thus, it is easy to obtain stoic
metric films.

IV. CONCLUSIONS

ZnO thin films on a Si~100! substrate were prepared b
PECVD from the gas mixture of diethylzinc and carbo
dioxide at a low temperature~180 °C!. The optimized
GFRRZC is 1:3 deduced from the XRD, OTS, and PL sp
tra. The optimized substrate temperature is 230 °C as c
cluded from the XRD and the PL spectra. The plasma
crucial for the growth of ZnO thin films on a Si substrat
One reason is that it may remove the native oxide layer
the Si surface; another is that it supplies a sufficient num
of active oxygen ions or atoms. By using this technique i
easy to form stoichiometric ZnO thin films.
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