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Abstract

In this paper, we compare the properties of ZnO thin filmgdh@ 1)sapphire and GaN/c-AD; templates by atmospheric pressure metal—-organic
chemical vapor deposition (AP-MOCVD) using deionized watesygHand diethylzinc (DEZn) as the O and Zn precursors, respectively. The
atomic force microscopy (AFM) images exhibited that ZnO films grown on GaNJ©&Alemplate had a regular hexagonal columnar and smooth
morphology, and the ZnO grown on c-&); film had the hexagonal pyramid morphology. The full widths at half maximum (FWHMs) of the
(0002) and10-12)w-rocking curves of ZnO film grown on GaN/c-/D; template were 182 and 358 arcs, respectively, indicating the smaller
mosaicity and lower dislocation density of the film compared to ZnO film grown orn,®AIThe room temperature PL spectra showed that the
PL intensity ratio of the band-edge emission (BEE) to the deep-level emission (DLE) for the ZnO film on GaB4dekhplate was larger than
that of the film on c-AJOs. Besides, the FX (or the first excited state of A exciton) and four phonon replicas could be clearly observed in ZnO
film on GaN/c-ALO; template at 10 K compared to ZnO film on c,8k.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction attempts to improve the crystal quality of the ZnO films
is to use the epitaxial GaN (epi-GaN) as the buffer layer
Due to its wide-gap of 3.37 eV at room temperature, its ultra-on other substrates for the growth of ZnO epitaxial layers
violet lasing at room temperature (R[] and its large exciton since GaN &=3.189,&, c=5.185,&) and ZnO @=3.2498&,
binding energy of 60 meV, ZnO has many potential applications = 5.2066&) [12] have close lattice constants (the mismatch
in short wavelength light emitting devices, such as UV and blués less than 2%) and a small difference between the in-plane
LED/LDs [2]. Many growth techniques for single-crystalline linear thermal expansion coefficientsgan=5.59x 1076 K1
ZnO films have been studied, such as molecular beam epitaxgndazno = 6.51x 10~° K1) [13]. Since Vispute et a[14] first
[3], metal-organic chemical vapor deposition (MOCV@), reported the growth of ZnO films on epi-GaB{0 1) sap-
RF magnetron sputteringp] and pulsed laser depositid]. phire template by PLD, there has been a few reports about
Among these techniques, MOCVD has many advantages fdahe growth of ZnO films using the GaN epilayer as the buffer
bulk production and has been proven to be suitable for growthayers on other substrates by RF magnetron sputtdfify
of many electronic and optoelectronic materials. MBE [16], MOVPE[17]. However, there have been few reports
To obtain high quality layers, various substrates haveon the comparative studies on structural and optical properties
been used to grow ZnO including AD3 [7], Si [8], spinel  of ZnO films on Q00 1) sapphire and GaNJ( 0 1) sapphire
[9], CaR; [10], GaAs [11] and so on. One of the recent template.
In this paper, we report the fabrication of ZnO films by
AP-MOCVD on 000 1)sapphire and GaNJ}( 0 1) sapphire
* Corresponding author. template and compare the surface morphology, the structural
E-mail address: jiangfy@ncu.edu.cn (F. Jiang). property and the optical property of two kinds of ZnO films. It
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was found that significant differences of structural and optical 25000.00
properties of them.
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2. Experimental procedure

ZnO thin films were deposited by a home-built vertical atmo-
spheric pressure MOCVD system with a rotating disk reactor.
We have reported the epitaxial growth of ZnO thin films on
c-Al03(0001) substrates by our home-built vertical atmo-  10000.00
spheric pressure MOCVD systdt8,19] The MOCVD growth
of GaN/AlLO3 templates on 2-in. c-AD3(00 0 1) substrates
was performed in the Thomas Swan close-coupled showerhead 3**%
(CCS) MOCVD reactor system. During the growth, trimethyl-
gallium (TMGa) and ammonia (NgJ were used as Ga and N
precursors, respectively. The thickness of the GaN layer was
about 2um. These structures were transferred into our rotating
disk vertical reactor of AP-MOCVD without preliminary clean-
ing and polishing procedures. We used deionized wateOjH 5,00
(p=18.2 M2 cm) and 6N-purity diethylzinc (DEZn) as the O
and Zn precursors, respectively, and 7N-purity nitrogen as the
carrier gas. Before growth, the GaN#&l; templates were ther-  20000.00
mally cleaned at 850C for 20 min. Typical growth conditions
were as follows: the reactor-chamber pressure was 760 Torr. A
two-step growth process was adopted. In the first step, &150
ZnO buffer layer was grown at 20€ using DEZn and bO
at flow rates of 81amol/min and 0.039 mol/min, respectively.  10000.00
Then the buffer layer was processed at 800for 5min for
re-crystallization. In the second step, the main ZnO epitaxial
layer was deposited under the growth temperature of°680
for 30 min using DEZn and D at flow rates of 0.011 and
0.183 mol/min, respectively. The total carrier gas flow rate was 0.00
about 15,000 sccm. Typical growth rates of the main ZnO layers g
were about 3.5-dm/h. For comparative analysis, a ZnO film -
grown directly on c-A$O3(0 0 0 1)substrate under the same con-
dition was also prepared. Fig. 1. AFM image of ZnO films (2gm x 25um): (a) ZnO/GaN/A}Os; (b)

Surface morphology of the ZnO layers was studied by atomi&nO/Al20s.
force microscopy (AFM) in a contact mode using a Chinese
Benyuan Nano Instrument 3100 system. Crystal perfection osaN epilayer. The root mean square (rms) roughness as deter-
fhe samples was examined by high-resolution double-crystal Xmined by AFM (25um x 25um) of the ZnO film surface grown
ray diffractometry (HRXRD) (QC200, BEDE Instruments, UK). on GaN/c-AbO3 template was about 3.5nm, and the rms of
The Cu Ku line (A= 1.54056&) was used as the source and the ZnO film surface grown on c-AD3 was about 7.9 nm. The
Ge(004) was used as the monochromator. Photoluminescenpesult suggested that the larger grains were obtained and the rms
(PL) of the film was measured under RT and at 10 K using theéoughness decreased in the ZnO film after using GajU4hs
325-nm line of a He—Cd laser (8 mW) as the excitation sourcethe templatelt should be noted that the origin of the difference

in morphology is not known at present and will be the focus of
3. Results and discussion Sfuture work.
It is well known that the X-ray diffraction is complementary

The as-grown films on0(0 0 1) sapphire and GaNJ(001) tothetransmission electron microscopy (TEM) and etch pitden-
sapphire template were transparent and have mirror-like susities (EPD) methods because it is non-destructive and can be
faces.Fig. 1 shows the AFM images of ZnO films grown on used to determine dislocation densities. The rocking curve full
c-Al,03 (ZnO/Al;0O3) and (ZnO/GaN/AJO3) template for a  width at half maximum (FWHM) value is taken as a figure of
scan area of 2pm x 25um. From the figure, it was observed merit for crystalline perfection. Heying et §20] have reported
that the ZnO/GaN/AIOs film had a regular hexagonal columnar that the 0 0 0 2)rocking curve is sensitive only to the screw or
morphology Fig. 1a), and the ZnO/AlO3 film had the hexag- mixed dislocations, while the skew (10-12) rocking curve is sen-
onal pyramid morphologyHig. 1b). It proved that the regular sitive to all the dislocations content in the GaN films. Thus, the
hexagonal column growth of the ZnO film grown on GaN/c- broadening of the skew (10-12) unsymmetrical rocking curve is
Al,O3 template strictly followed the hexagonal structure of thea more reliable indicator of structural quality. In our experiments,
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Fig. 2. The 0 00 2)w-scan curve of ZnO/GaN/ADs film. The inset shows the ) ) )
(000 2)w-scan curve of ZnO/AOs film. Fig. 4. The (10-12p-scan curve of ZnO/GaN/ADs film. The inset shows the
(10-12)w-scan curve of ZnO/AlO3 film.

FWHMs of (000 2) and skew10-12)w-rocking curves were

used as the indicators of screw and all the dislocations, respetireading dislocation density ofx410° cm2, so we estimate
tively. Fig. 2shows the symmetri®( 0 2)w-rocking curve ofa  that the dislocation density of our ZnO sample is less than or in
typical sample of ZnO/GaN/AD; films. The symmetry of the the range of 1®cm-2. Such narrower FWHM values of ZnO
w-rocking curve implied that the ZnO peak was overlapped byilms on GaN templates suggest that there were fewer threading
the GaN peak, because their lattice constants are very close @slocations in ZnO films on GaN templates than in ZnO films
each other. By Gaussian fit, we obtained a FWHM of 182 arcélirectly on c-AbO3(0 0 0 1)substrate by the same condition.

for the ZnOQ 0 0 2)w-rocking curve, which is even smallerthan ~ PL spectrafor ZnO/GaN/AD3z and ZnO/AbOs films carried

the FWHM value (267 arcs) of GaN in GaN/Ds template  Out at room temperature (RT) are showrFig. 5. Strong ultra-
Fig. 3 shows the (00022 diffraction profile of the sam-  Violet (UV) emission coming from exciton emission could be
ple. By Gaussian fit, the FWHM values for the ZnO and GaNobservedinboth samples, which indicated thatthe two films have
layers are 156 and 158 arcs, respectiviély. 4shows the skew agood optical quality. The deep-level emission, which is usually
(10_12)a)_rocking curve ofaZnO epi|ayer and an epi_GaN sub-deECt-fE'&tEd was difficult to observe in our ZnO/Gal‘i@d
strate. The FWHM values of the ZnO and epi-GaN layer are 358ample. But, the deep-level emission at 500 nm was obviously
and 320 arcs, respectively. Heying et[2D] have reported that Observed in ZnO/AIOs film. The PL intensity ratios of the band-
the GaN sample with a (102) FWHM of 413 arcs has the totaPdge emission (BEE) to the deep-level emission (DLE) were
58:1and 8:1, respectively, which indicated that ZnO/GaNDA|
sample had a better optical quality than ZnOfB4¢ sample.
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Fig. 3. The 000 2)o—20 scan curve of ZnO/GaN/AD; film. The inset shows  Fig. 5. Room temperature PL spectra of ZnO/GaN@ film and ZnO/AbO3
the (000 2)»—29 scan curve of ZnO/AIO3 film. film.
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by Klingshirn [26]. It should be noted that the energy differ-
ence between the zero phonon line and 1LO phonon replica line
(66 meV) is somewhat smaller than the energy of a LO phonon,
although the difference between 1LO phonon replica line and
2L0 phonon replica line (76 meV) which almost coincides with
the theoretical value. For the ZnO/M&3 sample, there are six
peaks in the lower energy side. The peaks at 3.307, 3.232 and
3.161 eV should be attributed to 1LO, 2LO and 3LO phonon
replicas of the A free exciton’s. Another peak at 3.329eV is
tentatively attributed to the exciton transition bound to neutral
acceptors (BX). The two weak peaks at 3.258 and 3.185eV
are attributed to the 1LO and 2LO phonon replicas of the bound
exciton (A°X).

PL Intensity (a.u.)

4. Conclusion

Photon energy (eV) In conclusion, we compare the properties of ZnO thin films
on (0001)sapphire and GaN/c-AD3 template by atmo-
spheric pressure metal—organic chemical vapor deposition (AP-
MOCVD). The ZnO/GaN/AO3 film had a regular hexagonal
i ) , ) columnar and smooth morphology, and the ZnQ film had

T.O further study the optical properties of the films, it Was he hexagonal pyramid morphology. The X-ray diffraction inves-
carried out that the low temperature PL measurement at 10 l?rgations showed ZnO/GaN/ADs film had fewer threading
F'gd' GShO/WS th/e Iow-tf_elmperaflure PdL spectrumshof Zn@%l dislocation density than that of the ZnOA8l; film. Both of the
and ZnO/GaN/AdOs mims co ected at 10K. The peaks at Zn0O/GaN/AbOs and ZnO/AbOs3 films showed very sharp near
3.366eV, 3.362 QOmlnate bth the spectra of Zn@%l and band-edge luminescence at room temperature. The PL intensity
ZnQ/GaN/AIZ,C_)3 films, respectively. They can be a_scrlbed. 9 theratios of the band-edge emission (BEE) to the deep-level emis-
¢x0|ton transition bounded to.neutral QOnorQK))smce asim- oy (DLE) indicated the ZnO/GaN/4Ds film had a better opti-
llar peak_has been observed in ZnO fil[as,22] At the higher cal quality. From the low temperature PL spectra of both films,
energy side, thre? peal_<s are shown clea_rly at .3‘375’ 3.385 aﬂ‘f‘e FXa, FXg emissions were clearly observed at 10K in both
3.419eV, respectively, in ZnO/GaN/ADs film (Fig. 6a). The ... samples, indicating high optical quality of the ZnO films. The
peak at about 3.385 eV shows only a shou!Qer S0 the positiofha red shift of the FX, FXg emission peaks in ZnO/A03
is a roughly estimated one. The energy posmo.ns of these thre,seample compared to ZnO/GaN#&; sample proves that there
pea_lks are very close to the A, Band C free excitons observed Was a bigger tensile strain in the ZnO$83 sample. In addition,
optlca_l reflectgnce spectra of bulk ZnO crys{ﬂﬂ]._So they are compared to ZnO/AlOs3 film the FXc (or the first excited state
tentatlyely attributed to the free A, B and C excitons. The Iltltle0 A exciton) and four phonon replicas could be clearly observed
red shift of these peaks compared to bulk ZnO can be explameféO ZnO/GaN/AO; film. The appearance of either the C exci-

by a tensile strain in the films. It should be noted that the pea n or the excited A exciton and four phonon replicas strongly
at 3.419 eV could also be attributed to the first excited state Oguggest the high quality of the ZnO/GaNak; film

A exciton. So a more detailed analysis is needed to clarify the

origin of this peak. The presence of free excitons at low tem-
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