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High quality ZnO thin films grown by plasma enhanced chemical
vapor deposition
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High quality ZnO thin films have been grown on d1%0) substrate by plasma enhanced chemical
vapor deposition using a zinc organic soufZe(C,Hs),] and carbon dioxidéCO,) gas mixtures

at the low temperature of 180 °C. The dependence of ZnO thin film quality on the gas flow rate ratio
of Zn(C,Hs), to CO, (GFRRZQ is studied by using x-ray diffractiofiXRD), optical absorption

(OA) spectra, and cathodoluminescen@@L) spectra. High quality ZnO thin films with a
c-axis-oriented wurtzite structure are obtained when the GFRRZC is 0.33. XRD shows that the full
width at half maximum of(0002 ZnO located at 34.42° is about 0.2°. At room temperature, a
pronounced free exciton absorption peak around 365 nm is clearly observed. Also, a strong free
exciton emission without deep level defect emission is observed around 385 nm, and its temperature
dependence is studied from the photoluminescence spectra. These observations indicate the
formation of a high quality ZnO film. Additionally, nitridation of the Si surface caused by releasing
NH; plasma into the deposition chamber is an effective way to improve film quality20@2
American Institute of Physics[DOI: 10.1063/1.1415545

I. INTRODUCTION of ZnO thin film on a Si substrate by PECVD. In this article
the dependence of ZnO thin film quality on the gas flow rate

Recently much attention has been paid to short waveratio of Zn(C,Hs),to CO, (GFRRZQ is studied by x-ray

length lasers for use in high density information storaigt diffraction (XRD), optical absorptiofOA) spectra, cathod-

is widely accepted that ZnO is one of the most promisingoluminescence(CL) spectra, and the temperature depen-

materials for producing an ultraviolet laser at room temperagence of photoluminescen¢@L) spectra. The mechanism of

ture due to its wide direct band ga,=3.3 eV) and large nitridiation of the Si surface by the Nyflasma is discussed.

excitonic binding energy of 60 meV. To obtain high quality

ZnO thin films a variety of techniques may be used such as

molecular beam epitaxyMBE),*® metalorganic chemical - EXPERIMENTAL PROCEDURE

vapor - deposition (_MOCOVD)’G magnetron - sputtering’ ZnO thin films are grown by PECVD from the gas mix-
pulsed laser depositioh,” and so on. In the present article ;¢ of diethylzinc and carbon dioxide. The gas flow rate is
plasma enhanced chemical vapor depositRIECVD) is em-  cqnirolied by different gas flow meters. Due to its low vapor
ployed to prepare ZnO thin film using a zinc organic SOUrC&,ressyre, the gas flow rate of diethylzinc is controlled by
[Zn(C;Hs),] and carbon dioxidéCO;,) gas mixtures. _adjusting the gas flow rate of hydrogen. Since ,0© an

_ PECVD has several advantages in preparing ZnO thifytergas at room temperature, reactants can be blended ad-
films. The thin film quality can be improved by a film den- ¢qately before entering into the plasma chamber. The Si
sification process induced by plasma bombardment and uls,strates are chemically treated by a standard RCA
traviolet ray irradiation. Furthermore, the low energy plasm%rocesé“ before being loaded into the growth chamber
can enhance the interface reaction. Unlike MOCVD, reacyyhich has a background pressure of less tharlé * Pa.
tants used in PECVD are decomposed by the plasma, not byier the argon and hydrogen are let into the chamber, the Si
thermal energy. Thus the growth does not need a high temy hsirate is heated to 180°C which is monitored by a
perature environment, which will reduce the strain mducedcuprum-constantan thermocouple. Then the rf source is
by the different thermal expansion coefficients of the growthy,4ed into the chamber. The argon and hydrogen plasmas
layer and the substrate. Additionally, before growing the thin, yuced from the rf occur in the chamber to remove the
films, the substrate can be cleaned by using plasma 10 Ijige |ayers for 15 min. Then ammonia gas is introduced
move the native oxide layer of Si, which is crucial to grow g the plasma chamber to nitride the Si surface for 15 min.
high quality thin films. The diethylzinc source is packaged in a steel cylinder cool

There.is much intere§t in obtaining' materialg on a Slwe” and is kept refrigerated at 6°C by a CW-1 type fine
substrate in order to obtain optoelectronic integration. HOWqtrolled temperature semiconductor device.

ever, there are few Papefs_gea“”g with the growth of ZnO  Generally the gas flow rate ratio has an obvious influ-
thin films on a Si substrat€,~“and in particular, the growth - gce on the thin film quality. In our experiment the quality of
the ZnO thin films depends strongly on the GFRRZC. To
dCorresponding author; electronic mail: liuyichun@mail.china.com stress this problem and optimize the experimental param-
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TABLE I. The deposition conditions of ZnO thin films.

GFRR of (rf) Temperature of the Gas flow rate of
Sample Zn(C,Hs),to CO, power (W) substratg°C) Argon (sccm)
a 1:0 35 180 4
b 1:0.5 35 180 4
c 11 35 180 4
d 1:2 35 180 4
e 1:3 35 180 4
f 1:4 35 180 4

eters, a set of samples with different GFRRZC are prepared:Q,, the diffraction intensity of thé0002 ZnO peak grows
The working pressures vary from 80 to 100 Pa. The detailedramatically and dominates the XRD spectra. Finally a pre-
growth conditions are listed in Table I. ferred(0002 orientated ZnO thin film is obtained. Addition-
The crystalline quality of the ZnO layers is examined by ally, with increasing CQ, the full width at half maximum
x-ray diffraction using a rotating anode x-ray diffractometer (FWHM) of (0002 ZnO at 34.42° becomes smaller and
with CuKa; radiation of 1.54 A. The OA spectra are mea- smaller except for sample f. FWHMs of samples ¢, d, e, and
sured by a UV-360 recording spectrophotomég&ftimadzyi  f are 0.36°, 0.26°, 0.20°, and 0.35°, respectively. The Scher-
at room temperature. CL spectra are measured under the & formuld® is
kV accelerated voltage with &A electronic current. The
temperature dependent PL spectra are obtained using the 325 d=0.94/B cosé,
nm line of a He—Cd laser and a PL microprobe measurementhered, \, 6, andB are the mean grain size, the x-ray
system(J-Y company, Frange Measurements below room wavelength of 1.54 A, Bragg diffraction angle, and the line-
temperature were taken by placing the sample cells in a cryawidth at half maximum of the peak around 34.42°, respec-
genic unit. The temperature range was 83 to 383 K. Theively. According to this formula, the mean grain sizes of
nitridation of the Si surface is studied by XRD and CL spec-sample c, d, e, and f are 24, 33, 43, and 25 nm, respectively.
tra. If the CO, gas flow rate is increased further, the ZnO thin
film quality will decline. From the above results we find that
IIl. RESULTS AND DISCUSSION the optimized GFRRZC is 1:3. When oxygen ions are defi-
o _ cient, an increase of CQwill give zinc ions more chances to
A. The dependence of ZnO thin film quality react with oxygen ions to form an ordered ZnO thin film. If
on the GFRRZC CO, is excessively supplied, i.e., the GFRRZC is 1:4, excess

Figures 1a)—1(f) show the x-ray diffraction spectra of oxygen ions will form oxygen gas within the film, resulting
the ZnO thin films prepared by PECVD with different in many microvoids and defects, which will prevent large
GFRRZCs. With no CQ, Fig. 1(a), there is a ZfD002 peak  size ZnO grain formation.
and a very weak Zn@1000 peak, which is from the surface Figure 2 show the OA spectra for samples b—e at room
oxide layers of the Zn thin film. As the gas flow rate of temperature. The absorption peak of the free exciton is
COsis increased, the intensity of tH®002 zinc peak sig- clearly visable near the absorption edge as the GFRRZC de-
nificantly decreases, while the intensity of the ZnO peaksreases, i.e., COgas flow rate increasé8.This is because

increases, as shown in Fig(bl. With a further increase of ZnO has a large exciton binding energy of 60 meV at room
temperature. Thus the OA spectra of ZnO films display an

a)l d)
S % FWHM=026 5 101
—~ N S —_
o} - Il ' 1 Al 1 1 :
< |b) g e) |8 = o8}
\5 = e 8 |
= g é FWHM=0.20 = o6l
= b I B Q
B f) .5
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FIG. 1. X-ray diffraction patterns of the ZnO thin films grown or(180 Wavelength (nm)

substrates treated by NHblasma under a different gas flow rate ratio of Zn
(CyHs),to CO, (GFRRZCS: (a) 1:0, (b) 1:0.5,(c) 1:1,(d) 1:2,(e) 1:3, and FIG. 2. The absorption coefficient of ZnO thin films grown under different
(f) 1:4. GFRRZCs.(a) 1:0.5,(b) 1:1, (c) 1.2, and(d) 1:3.
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FIG. 3. CL spectra of ZnO thin films grown at different GFRRZGCx:1:2

and (b) 1:3. FIG. 4. Left: The dependence of PL spectra on tempergareRight: the
integrated PL intensity dependence on the temperdh)rdhe square data
points are experimental points simulated by the theoretical formula, equa-
tion I(T)=14/[1+Ax exp(—AE/kgT)].

exciton effect. In general, the exciton effect is closely corre-

lated with film quality. Figure 2 suggests that high quality _ _ _

ZnO films have been prepared when the GFRRZC decreasédy at 0 K, T is the thermodynamic temperature, ahds a

from 2 to 0.33. When the COflow rate is lower, the ZnO constant. When fitting this theoretical formula to fit our ex-

films are of poor quality, which is verified by the XRD spec- Perimental data, as shown Figh#, we findAE is 59.4 meV.

tra, shown in Fig. 1. With an increasing G@ow rate, the This value is in agreement with the exciton binding energy of
qua“ty of the thin films improves_ As a resu't' an exciton 60 meV in a bulk ZnO CryStaL Thus we can conclude that the

effect is observed in the OA Spectra_ UV band is from free exciton recombination.

CL spectra were measured by a CL spectrometer with an
anode acceleration voltage of 10 kV and an electron bearR- The effect of nitridation of the Si surface
current of 6uA. Only the luminescence of samples d and e°" the film quality
can be observed and they are shown in Fig. 3. Sample d has During the experiment we found it was necessary to
a strong UV band emission at about 385 nm with a weak:lean the Si surface with argon and hydrogen plasmas, fol-
deep level emission around 520 nm related to oxygefowed by the NH plasma. In order to investigate the effect
vacancies! As the CQ is increased, for sample e, the UV of nitridation of the Si surface by Njiplasma on thin film
band emission is several times stronger at the expense of thgiality, epitaxial ZnO thin films were grown on($00) with
green emission. The CL spectra are consistent with the Zn@ample & and without (sample b nitrogen-passivated
thin film quality characterized by XRD. The improved crys- Sj(100) substrates under the optimized GFRRZC of 1:3. Fig-

tal quality and orientation of ZnO films, namely reduced de-ure 5 shows the differences in XRD between sample a and b.
fects, will enhance the free-exciton transitions.

To confirm that the UV band is due to transitions of
free-excitons, temperature dependent PL spectra are mea-

[aY)
sured for sample e in the temperature range of 80—383 K, as [a) é
shown in Fig. 4a). It is remarkable that there is only one UV
PL band without any luminescence related to deep level de- - R FWHM=0.20
fects, even at high temperature. The PL is quenched by tem- ”:?_ S
perature. The PL intensity exponentially decreases with in- St B;J
creasing temperature due to the thermal ionization of exciton 2F
and thermally activated nonradiative recombination mecha- g -
nisms. The dependence of integrated PL intensity of the UV o b)
band on temperature is given in Figib The temperature St
dependence of the PL intensity can be expressed by the I FWHM=0.25
equation®? i {
IO 1 I ! I
(M= “AE] 30 40 50 60
1A eXp( keT ) 20 (degree)

whereAE iS_ the activation energy Of the therr_nal_ qu_enChing FIG. 5. X-ray diffraction patterns of ZnO thin films with and without treat-
processkg is Boltzmann constant, is the emission inten- ment by NH plasma under the optimal GFRRZC of 1:3.
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Bonding configuration

FIG. 7. Bonding configuration of the ZnO(3D0) interface. The numbers
FIG. 6. CL spectra of ZnO thin films grown on a(800 substrate with and  represent the number of electrons contributed to each bond. An interface
without treatment by Nkl plasma. with the sequence Si—Si—Zn—0 will have interface bonds with a total of 3/2
electrons, whereas the insertion of an N monolayer will leave all bonds with
two electrons.

The FWHM of the(0002 ZnO XRD peak located at 34.42°
is 0.2° for the Si surface treated with Niglasma, as shown ductor on a nonpolar one. The chemistry at the interface
in Fig. 5(@), however, the FWHM is 0.25° for the Si surface plays an important role at the initial stage of growth. Reac-
untreated by nitridation, as shown in Figloh The mean tions between the layer species and the substrate atoms can
grain sizes of the films are 43 and 35 nm, respectively. Théorm compounds at the interface. Previous results for both
crystal quality of thin film is improved by treating the Si zZnSe/S{001) and ZnS/S001) have found evidence that the
substrate with NH plasma. To study the effect of nitridation presence of an As monolayer at interface leads to a better
on luminescence, the CL spectra are measured for the twguality overlayef" Nitrogen atoms have the same number of
samples with a 10 kV acceleration voltage andu& elec-  valence electrons as As atoms. Thus a similar effect can be
tronic current, as shown in Fig. 6. There is a stronger exciexpected for a $100):N interface. The effectfoa N mono-
tonic emission with a weak emission around 520 nm relatedayer at the interface can be understood in terms of the elec-
to deep-level defects for the Si substrate treated by nitridatron counting argumerft: In bulk ZnO, each ZnO) atom
tion, as shown in Fig. @. However, there is a much stron- contributes 1/23/2) electrons to each of the four bonds sur-
ger deep level emission around 520 nm with a weak excirounding it, and in bulk Si each atom contributed exactly one
tonic emission for the substrate untreated bys;Mithsma, as  electron per bond. At £100) interface between the Si and Zn
shown in Fig. @b). This means that the Si substrate treatedplane of ZnO, therefore, each interface bond will receive a
with NH; plasma has less oxygen vacanciesesulting in  total of 3/2 electrons instead of the two electrons required, as
the improvement of thin film quality. shown in Fig. 7. A reaction between the Si atom and Zn atom
The larger lattice mismatch of ZnO and Si makes theforms a ZnSi compound. The balance in the interface charge
epitaxial growth much more sensitive to the surface condiis broken. The abrupt interface is energetically unfavorable.
tion of Si. It is crucial to remove the oxide layer on the Si |t will cause many defects when the ZnO thin films are grow-
surface for the growth of high quality ZnO thin films. The ing. If, however, theres a N monolayer between the Zn
argon and hydrogen plasmas can remove the native oxidayer and the Si in the sequence-Si-Zn—0, the Nlayer
layer of the Si surface. However, the hydrogen-terminatechas five electrons per atom and can contribute one electron to
surface is not stable, and the hydrogen-desorbed surface dégich of the two Si atoms below it and 3/2 electrons to each
easily oxided by the residual oxygen. Yamad€lémployed  of the two Zn atoms above it. Now all the bonds have two
arsenic vapor in plasma to stop oxidization on the Si surfaceglectrons. Thus the oxygen vacancy declines. The balance of
Because the As-Si bond is much stronger than the H-Siharge at the interface is helpful for growing high quality
bond, the arsenic surface layer can protect the Si surfacenO thin films.
from oxidation?® In our experiment ammonia gas is intro-
duced into the chamber and discharged for 15 min. Nitridas
tion of the Si surface by the plasma of Kk carried out. V. CONCLUSIONS
This can stop the Si surface from being oxided by residual  ZnO thin films on a Sil00) substrate are prepared by
oxygen because the N-Si bond is stronger than the As—HECVD from the gas mixtures of diethylzinc and carbon
bond. Finally, the Si surface is passivated by nitrogen atomdioxide at low temperature(180°Q. The optimized
without oxygen. This passivated surface is useful for theGFRRZC is 1:3 deduced from the XRD, OA spectra, and CL
growth of high quality ZnO thin films. spectra. The UV band comes from the free exciton emission,
An imbalance in the interface charge is one of the seritested by the temperature dependent PL spectra. Nitridation
ous problems associated with the growth of a polar semicomef the Si surface is an important stage for the growth of ZnO
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