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The morphology and chemical composition of the surface of SiO, that had been implanted with Zn
ions of 60 keV and annealed in two different atmospheres, i.e., oxygen gas and a vacuum, were
compared. In the as-implanted state, the surface mainly consisted of SiO, with low roughness due
to radiation-induced smoothing. A large number of domelike structures of ZnO appeared on the
surface of the SiO, after annealing in oxygen gas at 600 °C for 1 h, and the size increased with the
annealing temperature up to 800 °C. After annealing at 900 °C, the surface roughness steeply
decreased and the composition changed to Zn,SiO,. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2221507]

Zinc oxide (ZnO) has recently been receiving consider-
able attention because this material is a wide-gap semicon-
ductor with a large exciton binding energy of 60 meV, which
stabilizes the excitons even at room temperature.1 Because of
the concentrated oscillator strength with respect to exciton
transitions, laser action is easily attainable even in nanostruc-
tures. Moreover, new lasing phenomena characteristic of
nanostructures have been observed including random laser”
and self-formed cavity laser.” Nanostructures of ZnO are
highly attractive for light-emitting/laser applications, and
various attempts have been made to fabricate ZnO nano-
structures of high quality.

One of these is ion implantation combined with thermal
oxidation (IICTO).*"® In this method, Zn metal nanoparticles
(NPs) are formed in transparent insulators such as silica glass
(Si0,) by Zn-ion implantation of several tens to a few hun-
dreds of keV. The implanted samples are then annealed in an
oxidizing atmosphere so that the Zn metal NPs are oxidized
to ZnO NPs. Although the annealing in oxygen gas at
700 °C for 1 h oxidizes all the Zn NPs to ZnO phase,5 the
annealing at 600 °C for 1 h oxidizes only limited portion of
the Zn NPs. However, the sample annealed at 600 °C shows
a strong exciton photoluminescence (PL) peak without
broad defect bands, while the sample annealed at 700 °C
shows relatively strong defect band.® Understanding of the
mechanism of the defect-band-free PL is important also for
applications.

On the other hand, Liu et al.* have assumed from the
results of x-ray photoelectron spectroscopy (XPS) that the
ZnO NPs were formed on the surface of the SiO, substrate,
not embedded in the SiO,. This provides a striking contrast
to the NiO and CuO nanophases fabricated by the IICTO
method, which always form NPs embedded in the SiO,
substrate.””” Because Zn ions are implanted to a region of
10—70 nm depth in the SiO, substrate, and because ZnO
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nanostructures are formed on the surface of the SiO, sub-
strate, significant transportation of Zn element from the in-
side of the SiO, substrate toward the surface is expected
during thermal oxidation.

In this letter, we describe a study in which the evolution
of the surface morphology was monitored by atomic force
microscopy (AFM) and XPS to detect the consequences of
the significant transportation of Zn element from the inside
of the SiO, substrate and the formation of ZnO nanostruc-
tures on the SiO, surface. This study aimed to understand the
fundamental processes of ZnO NP formation by IITCO
method, and to collect basic knowledge to understand the
mechanism of the defect-band-free PL.

Since AFM is highly sensitive to the surface morphology
but cannot detect the chemical composition of the surface
structures, XPS is a good counterpart, which is highly sensi-
tive to the surface composition but cannot detect the surface
morphology. However, the chemical shift in XPS between
the Zn and ZnO states is still controversial,10 although it has
been confirmed that metallic Zn shows the 2p5,, XPS line at
1021.8 eV in the binding energy. Value of the chemical
shift*'%!" of ZnO ranging between 0 and 0.7 eV, i.e., even
including “vanishing” shift, have been reported in the litera-
ture. At present, we believe that XPS is not reliable for dis-
tinguishing ZnO from Zn. It should be noted that some past
reports“’ll have identified the formation of the ZnO phase
from the chemical shift of the Zn 2p5,, XPS line. We suspect
that what was observed in these studies was a chemical shift
due to the formation of an unintended Zn,SiO, phase, which
shows the 2ps,, XPS line at 1023.0 eV with a large chemical
shift.'* In the present study, we have applied not only XPS
but also a more reliable method, x-ray excited Auger electron
spectroscopy (XAES), to distinguish the chemical shifts of
Zn-related phases.

Optical-grade silica glasses of the KU-1 type (OH-,
820 ppm), 15 mm in diameter and 0.5 mm in thickness, were
implanted with ®Zn* ions of 60 keV up to a fluence of 1.0
% 10'7 jons/cm?. The ion flux was limited to less than
2 wA/cm? in order to maintain the sample temperature at

© 2006 American Institute of Physics
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FIG. 1. (Color online) Evolution of the surface morphology of SiO, samples
induced by Zn-ion implantation of 60 keV to a fluence of 1.0
% 10'7 ions/cm? and subsequent annealing in oxygen gas of ~760 torr de-
tected by AFM, before implantation (a), in the as-implanted state (b),
and after annealing for 1 h at 500 °C (c), 600 °C (d), 700 °C (e), and
900 °C (f).

below 100 °C during implantation. The projected ranges of
46 and 27 nm were calculated for Zn ions of 60 keV in SiO,
by the SRIM2003 (Ref. 13) and TRIDYN codes,'* respectively.
The TRIDYN code includes sputtering loss, whereas the SRIM
code does not. The implanted samples were annealed for 1 h
in a tube furnace at a temperature between 400 and 900 °C
under flowing oxygen gas of ~100 SCCM (SCCM denotes
cubic centimeter per minute at STP) at a pressure of ~1.0
X 10° Pa. For comparison, another set of implanted samples
was annealed under the same conditions except in an anneal-
ing atmosphere consisting of a vacuum of less than 1
X 1073 Pa instead of oxygen gas.

The surface morphology was observed by AFM in the
tapping mode with a scanning area of 1 X1 um?. XPS and
XAES were carried out using a monochromatized Al K«
x-ray source (hv=1486.7 ¢V) with an electron neutralizer
and a hemispherical electron analyzer with a detection angle
of 45°. Judging from the stability of the observed energies of
the Zn 2p3),, Zn-LMM, Si 2p, and O 1s lines, and compari-
sons with the values reported in the literature, the samples
were determined to be mostly free of significant charging
due to the electron neutralizer. The atomic concentration was
estimated from the peak areas of the Zn-LMM, Si 2p, O 1s,
and C ls lines using relative sensitivity factors of 2.911,
0.368, 0.733, and 0.314, respectively. Although most of the
XAES and XPS spectra were taken from the surface without
sputtering, some spectra were also taken after sputtering us-
ing an Ar" ion beam of 1 kV and 25 nA with an incident
angle of 45°.

Figure 1 shows the evolution of the surface morphology
of a SiO, sample induced by implantation of Zn ions and
sequential annealing in oxygen gas. As shown in Fig. 1(a),
surface roughness (R,), i.e., the root mean square of height
deviation, with a value of 1.51 nm was observed before the
implantation, which was probably due to the industrial pol-
ishing processes used. After the implantation, R, decreased

Appl. Phys. Lett. 89, 023115 (2006)

[ (a) As-impl.
5 surface

1
60 keV2Zn* => Si0,
Zn-L 3My5My5

{a.u.)

- (c) O, 600°C
5 surface

™ (d) O, 700°C
L surface

Yield

[~ (e) 0, 900°C pigTo)
- surface

[~ (f) Vac. 800°C . ]
i surface Zn,Si0y ]

980 990
Kinetic Energy {(eV)

1000

FIG. 2. XAES spectra around Zn-L;M 4sM 45 transitions from SiO, samples
implanted with Zn ions of 60 keV to a fluence of 1.0X 10'7 ions/cm? and
subsequent annealing for 1 h, in the as-implanted state (a) and (b), and after
annealing for 1 h at 600 °C in O, gas (c), 700 °C in O, (d), 900 °C in O,,
(e) and 800 °C in a vacuum (f). All of the spectra were detected at the
surface without sputtering except (b), which was detected after sputtering
out of the surface layer of ~20 nm thick.

to 0.39 nm, as shown in Fig. 1(b); that is, a form of
radiation-induced surface smoothing15 ' was induced. We
have also carried out the step-height measurements at bound-
aries between implanted and unimplanted regions of the as-
implanted samples at the fluences of 2 X 10'6, 5 10'6, and
1X 10" ions/cm?. The values of the step heights were al-
most consistent with the calculated values of TRIDYN Code,14
i.e., the sputtering loss is not unusual.

Curve (a) in Fig. 2 shows the XAES spectrum around
the Zn-L3M 4sM 45 edge from the surface of the Zn-implanted
Si0, in the as-implanted state. Almost no Zn-related signal is
observed. It was confirmed from the XPS spectrum (not
shown) that the surface mostly consisted of Si and O atoms,
apart from a low concentration of Zn atoms and residual
carbon contamination. This is reasonable because the inci-
dent Zn ions have a very high energy of 60 keV, and do not
stop on the surface nor in a region shallower than ~10 nm.
As shown in curve (b) in Fig. 2, a twin-peak structure from
the Zn metallic state is observed at 992.2 and 995.6 eV in the
kinetic energy after sputtering removal of ~20 nm depth,
indicating formation of the Zn metallic phase inside.

As shown in Fig. 1(c), the surface is as smooth as in the
as-implanted state when R, is maintained at less than
~0.4 nm with annealing at up to 500 °C for 1 h in oxygen
gas. After 600 °C annealing [Fig. 1(d)], numerous domelike
structures appear. As the annealing temperature increases
from 600 to 800 °C, the size of the domelike structures in-
creases. The corresponding value of R, increases to 6.92,
13.0, and 16.5 nm at 600, 700, and 800 °C, respectively. The
annealing temperature dependence of R, is summarized in
Fig. 3. As shown in curves (c) and (d) in Fig. 2, the domelike
structures consist of ZnO, which exhibits a broad XAES
peak at around 988.1 eV. The distinct migration of Zn atoms
toward the surface side is also confirmed by Rutherford
backscattering spectrometry (RBS)."

After 900 °C annealing for 1 h in oxygen gas, R,
steeply decreases to 2.89 nm. As shown in Fig. 1(f), the sur-
face structure no longer has domelike shapes but what could
be described as winding patterns. This is due to the transfor-
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FIG. 3. Annealing temperature dependence of the surface roughness R, of
SiO, samples implanted with Zn ions of 60 keV to a fluence of 1.0
X107 ions/cm? and subsequent annealing for 1h, in oxygen gas of
~760 torr (closed circles) and in a vacuum of less than 1X 107 torr (open
circles). The values before implantation and in the as-implanted state are
also shown.

mation of the surface composition from ZnO to Zn,SiOy,
which is supported by a peak shift to 986.1 eV in XAES
spectrum (e) of Fig. 2. Cross-sectional transmission electron
microscopy (TEM) observation® indicated that the Zn,SiO,
phase has a layerlike structure covering most of the surface,
whereas the ZnO phase prefers particlelike shapes covering
the surface as domelike structures. The higher affinity of the
Zn,Si0,4 phase than the ZnO phase to the SiO, substrate is
probably due to the fact that the Zn,SiO, phase is formed by
a reaction between the ZnO phase and the SiO, substrate.
The Zn,SiO, phase probably accommodates itself to the
Si0, substrate by forming transition layers of nonstoichio-
metric Zn-deficient Zn,SiO4 between the stoichiometric
Zn,Si0, phase and the SiO, substrate.

The surface morphology was studied with annealing un-
der the same conditions except for the use of a vacuum as the
annealing atmosphere instead of oxygen gas. The results are
shown in Fig. 4. Although R, slightly increases from the
as-implanted value of 0.39 nm to 0.62 and 0.88 nm after
vacuum annealing at 700 and 800 °C, respectively, the sur-
face always has a very smooth appearance even after vacuum
annealing at up to 800 °C. No significant presence of Zn-
related signals was observed on the surface by XAES after
annealing at up to 800 °C for 1 h in a vacuum. RBS results
showed that the drastic migration of Zn atoms toward the
surface side, which was clearly observed under oxidizing
annealing, was not observed after vacuum armealing.17 Zn-
related structures on the SiO, substrates are not formed by
annealing in vacuum, but in an oxidizing atmosphere.18

The drastic differences in surface morphology induced
by the different annealing atmospheres, namely, oxygen gas
(at ~1x10° Pa) and a vacuum (at <1 X 1073 Pa), are ex-
plained by the high vapor pressure of Zn metal. At tempera-
ture 7~210 °C or higher, the vapor pressure of Zn metal
overcomes the annealing pressure of 107 torr during
vacuum annealing.18 Once the Zn atoms reach the surface by

Appl. Phys. Lett. 89, 023115 (2006)

(a) As-impl. (c) Vac. 800°C

100, nm 1007 nm
oﬂiﬁ' o<
o «
P " o
403\, ,//A,QQ

0 0
(b) Vac. 700°C

2
o

\\ : <
G| 4O
0

FIG. 4. (Color online) Evolution of the surface morphology of SiO, samples
induced by Zn-ion implantation of 60 keV to a fluence of 1.0
% 10'7 ions/cm? and subsequent annealing in a vacuum of less than 1
X 107 torr detected by AFM, in the as-implanted state (a) and after anneal-
ing for 1 h at 700 °C (b) and 800 °C (c).

thermally activated diffusion during vacuum annealing (~1
X 10° Pa) at higher than ~210 °C, they are all effused to the
atmosphere. On the other hand, under annealing in oxygen
gas, Zn atoms that have reached the surface react with
oxygen, and form ZnO NPs on the surface at lower than
900 °C. ZnO is more stable than metallic Zn at elevated
temperatures.
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