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Abstract—Two-step growth of ZnO by atomic layer deposition at low temperatures was performed to grow quality
ZnO films on silicon substrates: first, the growth of a buffer layer at 130 °C and second, the growth of the main layer
a 210 °C. Structural and optical properties of the ZnO films deposited on ZnO-buffer/Si(111) were investigated as a
function of buffer layer thickness. The films showed a strong UV emission at 380 nm and a weak green emission at
520-570 nm. The ZnO films deposited on a 327 A buffer layer showed overal the best surface morphology and struc-

turd and optical properties.
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INTRODUCTION

Zinc oxide (ZnO) is one of the mog attractive materids for op-
todectronic devices because it has a wide and direct band gep of
3.37 eV and ahigh exciton binding energy of 60 meV, which ismuch
larger than GaN (28 meV) and ZnSe (19 meV) [Nakamura et d.,
2002, Tamargo, 2002]. Furthermore, ZnO films can be grown & a
lower temperature than GalN. Hence, the ZnO has received much
attention as a candidate materid for optod ectronic devices such as
ultraviolet (UV) or blue light emitting diodes (LEDs) and laser di-
odes (LDs9) [Kim et d., 2004; Nakamura et d., 2002]. However, it
has been reported that the emisson properties of ZnO are srongly
dependent on the growth techniques such as molecular beam epit-
axy (MBE) [Ko et d., 2002; Ohgaki et d., 2002], metd organic
chemicd vapor depostion (MOCVD) [Ogata & d., 2002; Ye &
a., 2002], and radio frequency (RF) magnetron sputtering [Jeong
et d., 2004; Ruthe et d., 2004]. In mogt cases, the ZnO grown on
highly mismatched subgrates showed a grong emission in the vis-
ble region with higher intengity than the UV emission. Theorigin of
the visible emisson has been reported due to intrindc defects such
as vacandies of oxygen and zinc, oxygen and zinc interdtitials, and
antiste defect O,, [Vanheusden et d., 1996; Lin e d., 2001; Jeong
etd., 2004], but it is not yet well understood and il debateble.

Recently, to overcome the defect-rdated problems and grow high
qudity ZnO films on mismatched subsirates, severd research groups
have used a buffer layer such as GalN, MgO and ZnS [Nahhas &
a., 2001; Chen et d., 2000; Adhrdfi et a., 2000]. However, using
the hetero-buffer layer resultsin the diffusion of atoms and degrades
the quality of the over-layered ZnO. In order to avoid this problem,
severd research groups have used a homo-buffer layer on sapphire
ubgrates grown by MOCVD and magnetron sputtering a low tem-
peratures and obtained enhanced Sructural and optical properties
temperature [Ogataet a., 2002; Jeong et al., 2004].

To utilize the ZnO film for large-scale optodectronic devices, it
isrequired to grow ZnO on sllicon subdtrates. Severd reseerch groups
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have reported the growth of ZnO films on S subgtrates usng MBE
[lwata et d., 2000], MOCVD [Ogata et d., 2002], and sputtering
technique [Jeong et d., 2004; Lin e d., 2001]. However, little work
has been reported on the ZnO films on ZnO-buffer/S subgrates
using an atomic layer depogtion technique (ALD), in which high
qudity film can be obtained with high-precision thickness control
and excdllent uniformity at alow temperature [Lim et d., 2000].

In this paper, we report the ZnO films grown on ZnO-buffer/S
(111) by the ALD technique. The sllicon subgrate has alarge lettice
and thermd mismatch and acrysdline sructure different from ZnO.
In order to overcome these limitations, we have examined a two-
gdep growth technique: firgt, growth of buffer-layer ZnO and sec-
ond, growth of main-layer ZnO. The ZnO films grown & alow tem-
peraure are discussed in terms of gtructurd and optica properties

EXPERIMENTAL

The growth of main and buffer layers of ZnO films on S(111)
was carried out in an ALD chamber using high purity DEZn and
oxygen (99.999%) as zinc and oxygen sources, regpectivey. Argon
(99.999%0) was used both asacarrier and purging ges. Typicd pulse
lengths were 5 seconds for the reactant and 12 seconds for the purge
between the reactants, which were dl determined from an opti-
mized process window. A two-gep growth was performed: firg,
the growth of buffer layer at 130 °C and second, the growth of main
layer at 210°C. Especidly, the effect of buffer layer thickness on
propaties of the ZnO homo-gaitaxy on S(111) was examined. Qrys
tdlinity and orientation of the as-grown ZnO films were investigated
by X-ray diffraction (XRD). Optical properties were examined by
photoluminescence (PL) Spectra a room temperature taken under
the excitation by an He-Cd laser (325 nm, 50 mW). Surface mor-
phologies were observed by scanning eectron microscope (SEM)
and atomic force microscope (AFM).

RESULTSAND DISCUSSION

Fg. 1 shows (a) the thickness of buffer layer ZnO and (b) the
growth rate as afunction of number of cydes (N,). Thefilm thick-
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Fig. 1. Thickness and growth rate of ZnO buffer layer on Si(111) as a function of number of cycles.

ness linearly increased with the number of cydes representing a
typicd characteridtic of the ALD. It isinteresting to see that in spite
of the linearity of the thickness with N, the growth rate (A/cyde)
showstwo regions atrandent region where the growth rate increeses
with N, (Region I) and a saturated region where the growth rate
remains dmos congant (Region I1). This result indicates thet when
the dedired film thicknessis less than about 20 nm, the assumption of
lineer growth rate leads to an error in estimating the film thickness
The buffer layer was grown with varigtion in thickness to exam-
ine its effect on structurd and opticd properties of the as-grown
ZnO films on the ZnO-buffer/Si. Fgs. 2 and 3 show SEM images
of the surface morphology and the cross-sectiond view of ZnO/
ZnO-buffer/Si(111), respectively, with different buffer layer thick-

2.00um

nesses (A). Inst figuresin Fg. 3 are AFM images of the surfaces
of the buffer layers, having different thicknesses of 86, 192, 327,
and 440 A.. It shows that the surface morphologies of ZnO films on
ZnO bufferswith 8,=86, 192, and 440 A were rough (Fig. 2(a), (b)
and (d)) and showed columnar gructures (Fig. 3(3), (b) and (d)). The
rough and columnar structures with §=86 and 192 A are atrib-
uted to the growth mode of athree-dimensiond idand [Bang et dl.,
2003; Zhang et d., 2004]. Since ZnO crysd naturdly tendsto grow
aslong hexagond rods dong the c-axis direction, the ZnO film struc-
ture congsts of columnar grains standing perpendicular to the sub-
drate [Puchert et d., 1996]. By contragt, asthe 6, increased further
(i.e, 327-440 A), flat and smooth surfaces of the buffer layerswere
obtained due to the codlescence of idands [Hiramatsu et d., 1991].
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Fig. 2. SEM images of the ZnO film surface grown on ZnO-buffer/Si(111) with different buffer layer thicknesses: (a) 86 A, (b) 192A, (¢)

327 A, and (d) 440 A.
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Fig. 3. Crosssectional SEM images of the ZnO films grown on ZnO-buffer/Si(111) with different buffer layer thicknessss (a) 86 A, (b)
192 A, (c) 327 A, and (d) 440 A. Inset figures are AFM images of ZnO buffer layer having different thicknesses.

The main layer ZnO grown with 6,=327 A showed overal the best
aurface and cross-sectiond structure (Figs 2(c) and 3(¢)). Itisdso
interesting to see that ZnO film showed a rough and rugged sur-
face again a 6,=440 A, which might be atributed to a decrease in
nuclegtion density of ZnO nudei with thicker buffer layers [Bang
et d., 2003; Hiramatsu et ., 1991].

Fig. 4 showsthe effect of buffer-layer thickness on the XRD pat-
terns of the ZnO films grown on ZnO buffer/S(111) with different
buffer layer thicknessss of 0 (a), 86 (b), 192 (¢), 327 (d), and 440 A
(©). Theinset illudtrates the dependence of full widths & haf maxi-
mum (FWHM) of ZnO (0002) pesk on the buffer-layer thickness
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Fig. 4. XRD patterns of the ZnO films grown on ZnO-buffer/S
(111) with different buffer layer thicknesses.
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Thefilms showed a palycrystdline neture, i.e, (2000), (0002), (1010),
(1020), and (1100) pesks. When 8, is greseter then 192 A, the ZnO
(0002) pesk a 26=34.7° aising from hexagona wurtzite Sructure
is predominant, showing an increese in pesk intendty with an in-
crease in the buffer layer thickness The ZnO film with 6,=327 A
showed the srongest intensity of (0002) pegk (or FPWHM vaue of
0.312°) with suppressing other pesks, indicating a good crystdline
quality (see Fig. 4(d)). However, for the films with =0-192 A the
(0002) pesk intendty is relatively low, implying a degradation of
the crystalinity caused by the decresse of nudestion density of ZnO
nucle [Zhang et d., 2004].

In order to investigate the optica properties of ZnO films depos:
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Fig. 5. PL spectra of the ZnO films grown on ZnO-buffer/S(111)
with different buffer layer thicknesses.
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Fig. 6. Theintensty ratio of the UV band to the visble band asa
function of buffer layer thickness.

ited on ZnO buffer layer with different thicknesses, we messured
photoluminescence properties a room temperature using an He-
Cd laser with an excitation wavdength of 325 nm. Fg. 5 shows
PL spectra with typicd emissons in ultraviolet (UV) and visble
ranges. Inthe UV range, near band edge emisson a 380 nmisger+
eraed by the free-exciton recombingtion, but in the visble range,
deep-levd or trgp-date emisson a 520-570 nm is caused by impu-
rities and Sructural defects such as oxygen vacancies and interdi-
tids of zinc. Theintendty of the UV emission increases with buffer
layer thickness, but the deep-levdl emission is suppressed, indicat-
ing that optica properties of ZnO films are affected by buffer layer
thickness. Fig. 6 shows the intengty ratio of the UV band to the
vigble band as a function of buffer layer thickness. The ZnO film
with 8=327 A showsthe largest intensity ratio. Thisis because this
film has less structura defects and better crystdline structure than
others, which are supported by XRD and SEM andyss as shown
inFgs 2-4.

SUMMARY AND CONCLUSIONS

ZnO filmswere grown on ZnO-buffer/S(111) with different thick-
ness of the buffer by aomic layer deposition a low temperatures.
A two-gtep growth technique was proposed: firdt, growth of buffer-
layer ZnO a 130°C, and second, growth of main-layer ZnO a 210
°C. The average growth rate was about 2.2 A/cyde, and atransient
region was obosarved & theinitid sage of ALD. Structurd and opticd
properties were dependent on the buffer layer thickness The ZnO
films deposited on a327 A buffer layer showed overdl the best sur-
face morphology, structurad and optica properties. In condusion,
athough we proposad an ALD technique to grow qudity ZnO films
on slicon subgrates with ZnO homo-buffer layers, a further sudy
is neaded to improve the opticd properties of the ZnO films on sli-
con subgtrates for optoe ectronic devices gpplication.
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