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Hydrothermal ZnO wafers implanted at room temperature with 60 keV Sn* ions are examined by
means of photoluminescence (PL), atomic force spectroscopy (AFM), and X-ray diffractometry
techniques. The PL intensity significantly decreases in the wafers implanted to doses of
4.1 x 10" jons/cm® and higher. The AFM measurements indicate that surface roughness
variation is not the cause of the significant decrease in PL intensity. Furthermore, the PL deep
level (DL) band peak blueshifts after illuminating the implanted samples with the He-Cd laser
325 nm line; meanwhile, the DL band intensity first increases and then decreases with
illumination time. These abnormal behaviors of the DL band are discussed. © 2011 American

Institute of Physics. [doi:10.1063/1.3598068]

. INTRODUCTION

ZnO attracted extensive research attention in the middle
of the 20th century,' and has recently been of renewed inter-
est due to developments in growth technique” and great con-
cern about (opto)electronics devices working in the blue and
violet regions.> Due to its large excitonic binding energy of
60 meV, ZnO is a promising material for excitonic lasing
even at room temperature (RT).* However, several problems
still remain in the study of ZnO, for instance, the origin of
various defects responsible for deep level (DL) photolumi-
nescence (PL) band ranging from green to yellow-orange
regions (500-600 nm).> ¢

The PL band mentioned above is relatively broad and
highly asymmetric, indicating that numerous transitions of
close energy contribute to it. Clearly, for the identification of
the origins of those transitions it is necessary to first vary the
conditions, which can cause changes in position and/or inten-
sity of the band, and then analyze why those changes occur.
Several methods have been applied, for example, using dif-
ferent growth techniques and varying parameters during the
growth processes,”~ and annealing ZnO in different atmos-
pheres.®!” As an alternative, the implantation technique has
been widely employed to vary optical and electronic proper-
ties, structure, and morphology of materials."'™'¢ In this
study, we implanted ZnO at RT with 60 keV Sn™ ions to
numerous doses. PL of the implanted samples was measured.
Atomic force microscopy (AFM) and X-ray diffractometry
(XRD) measurements were employed to examine the mor-
phology and structure of the samples. In addition, this study
reports the effect of illumination with the 325 nm line of a
He-Cd laser on the DL band PL.
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Il. EXPERIMENT

Zn0 (99.99%) wafers 0.54 mm thick were grown by the
hydrothermal method. The zinc surface of the (0001) plane
of these wafers was implanted at RT with 60 keV Sn™ ions
to doses of 3.6 x 10'%, 4.1 x 10'%,8.0 x 10'%, 1.6 x 10", and
2.5 x 10" jons/cm®. These wafers are hereafter referred to
by their implantation doses, for example, the 2.5 x 10'*
sample.

In the PL measurements, the samples were excited with
the 325 nm line of a He-Cd laser; the excitation power was 12
W/em?. The PL emission was focused on the slit of a 0.32 m
diffraction-grating spectrometer (iHR320 HOBIRA Jobin
Yvon), and a 256 x 1024 pixel charge coupled device (CCD)
array (the Synapse CCD camera HOBIRA Jobin Yvon) was
used to record the PL spectra. The samples were also illumi-
nated with the same 325 nm He-Cd laser line; the illumination
power was 60 W/cm?. Morphology of the samples was inves-
tigated by means of a JEOL TM-4210BU Scanning Probe
Microscope, which was set to the AFM contact mode. XRD
patterns were measured by means of an ATX Rigaku XRD-
diffractometer using the Cu Ko line (1 =1.5418 A). All meas-
urements were conducted at RT.

lll. RESULTS

Figures 1(a) and 1(b) plot the XRD 0002 and 0004
reflections of the samples. In both figures, a low-angle
shoulder appeared in the samples implanted to doses of
4.1 x 10" ions/cm? and higher and it moved further in the
low-angle direction as the implantation dose was increased.
This indicates the presence of a strain profile resulting from
a large number of point defects, point defect complexes, or
even dislocations and dislocation loops.'* '

Previously, we reported'’ the PL spectra of a batch
of ZnO wafers implanted with 60 keV Sn™ ions to doses of

© 2011 American Institute of Physics
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FIG. 1. (Color online) XRD detailed scans around the (a) 0002, (b) 0004
reflections.

4-15x% 10" ions/cm® In the current batch of samples,
implantation dose was intentionally reduced
(3.6 x 10"2-2.5% 10" jons/cm?) to obtain more intense pho-
toemission. PL spectra of these low-dose samples are
depicted in Fig. 2. Note that the unimplanted ZnO PL spec-
trum was measured in the unimplanted area on the surface of
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FIG. 2. (Color online) PL spectra of ZnO wafers implanted at RT with 60
keV Sn* to various doses.
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the 3.6 x 10'% sample. As can be seen, two regions appeared
in the unimplanted ZnO PL spectrum: the near-band-edge
(NBE) region peaking at 3.278 eV (378 nm) and the deep
level (DL) region peaking at 2.48 eV (500 nm). The DL
peak position of the current batch differed slightly from that
of the previous batch (521 nm),"” probably because of differ-
ence in relative concentrations of various existing point
defects. This reason was mentioned in the study of Bgrseth
et al.® At an implantation dose as low as 3.6 x 10'? ions/cm?,
the ZnO wafer remained intact, which was evident in the
similarity of the PL spectra of the unimplanted and
implanted areas. However, when the implantation dose was
increased to 4.1 x 10'3 ions/cmz, the PL intensity decreased
significantly, by more than two orders of magnitude. This
casts doubt on the previous claim that a high level of
dynamic annealing makes ZnO highly resistant to implanta-
tion-induced damages.'* A further increase in implantation
dose caused a gradual decrease in PL intensity of both NBE
and DL regions. In addition, the DL region peak redshifted
with implantation dose; this effect was essentially the same
as that reported previously in hydrothermal ZnO irradiated
with 4 MeV electrons.’ According to Ref. 7, electron irradia-
tion could not introduce new impurity-related defects but the
redshift still occurred; similarly, in the current study most
likely Sn™*-related defects did not cause the redshift of the
DL band.

To verify whether morphology changes during implanta-
tion were responsible for the abrupt decrease in PL of the
ZnO wafers implanted to the doses of 4.1 x 10'* ions/cm?
and higher, AFM measurements were conducted. Figures
3(a)-3(e) show the AFM images of all the ZnO wafers. As
can be seen in these figures, no significant variations in mor-
phology were observed. In each image, root mean square
(RMS) roughness of five approximately 200 nm long lines
was calculated. These lines were selected so that they did not
cross scratches on the sample surface, as shown by arrows in
Figs. 3(a)-3(e). Each sample was imaged at various imaging
parameters, and the RMS roughness was averaged overall
recorded images. It should be noted that the calculation pro-
cedure was essentially the same for all samples. The calcu-
lated RMS roughness is plotted in Fig. 3(f) as a function of
implantation dose. As can be seen in the figure, the RMS
roughness of the wafers implanted to doses of 3.6 x 10'%,
4.1x 10", 8x 10", and 1.6 x 10'* ions/cm> was just
slightly different, whereas the PL intensity of the 3.6 x 10'?
sample was by more than two orders of magnitude larger
than that of the other samples (see Fig. 2). The AFM meas-
urements indicate that surface variation was not the main
reason for the abrupt decrease in PL intensity.

In Fig. 4, the effect of illumination on PL behaviors of
the ZnO wafers is demonstrated. The samples were illumi-
nated with 60 W/cm? laser (the same 325 nm He-Cd laser
line) for numerous illumination times. Shown in Fig. 4(a) are
the PL spectra of the 1.6 x 10" sample after 0, 10, 160, and
2560 s illumination. As can be observed, as illumination
time was increased, the NBE peak remained almost
unchanged. Meanwhile, the DL peak blueshifted and the DL
band intensity first increased and then steadily decreased
with illumination time; note that all these variations were
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FIG. 3. (Color online) AFM images of ZnO wafers implanted to doses of (a) 3.6 x 102, (b) 4.1 x 10", (¢) 8.0 x 10"3, (d) 1.6 x 10", and (e) 2.5 x 10" jons/

cm? (f) implantation dose dependence of RMS roughness.

irreversible. The observations are quantitatively detailed in
Fig. 4(b). The integrated PL intensities of the NBE and DL
regions were normalized by the maximum integrated PL in-
tensity and then were depicted as functions of illumination
time, along with the DL band peak position. The DL band
intensities of the 8.0 x 10'* and 2.5 x 10'* samples behaved
in the same manner as the 1.6 x 10" sample upon increase
in illumination time; namely, an initial growth was followed
by a steady decrease. This was evident in Fig. 4(c). The inset
in Fig. 4(c) also shows that the initial growth stage lasted for
a shorter time as the implantation dose was decreased. In
particular, in the 4.1 x 10" sample the initial growth of PL
intensity did not occur. The data indicate that implantation-
induced defects, which resulted in the redshift of the DL
band, were eliminated by illumination with the He-Cd laser
325 nm line; consequently, the band blueshifted.

IV. DISCUSSION

Previously, Singh er al.'® have reported RMS roughness
of 0.7 nm in the “un-exfoliated” area of ZnO implanted with
100 keV H," ions to a dose of 2.7 x 10" jons/cm”. In addi-
tion, Coleman er al.'' have reported RMS roughness of ZnO
single crystal implanted at RT with 300 keV As™ ions to a
dose of 1.4 x 10" ions/cm? and that of unimplanted ZnO to
be 2.5 nm and 0.6 nm, respectively. These values are in the
same order of magnitude as the RMS roughnesses of the
2.5% 10" (2.3 nm) and 3.6 x 10" (0.9 nm) samples in the
current study. It appears that RMS roughness did increase
with implantation dose; however, the increase was not the
cause of the significant decrease in PL intensity. The PL
decrease was probably caused by implantation-induced non-
radiative defects inside the implanted layer rather than on the
surface.
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FIG. 4. (Color online) (a) PL spectra of the 1.6 x 10" jons/cm?® sample illu-
minated with the 325 nm line of a He-Cd laser after 0, 10, 160, and 2560
seconds; (b) illumination time dependences of the DL peak position, DL and
NBE band integrated PL intensities in the 1.6 x 10'* ions/cm® sample; (c)
illumination time dependences of the DL integrated intensity in the
4.1 x 1013, 8.0 x 1013, 1.6 x 1014, and 2.5 x 10" samples; the inset shows
the detailed view of the area hedged by the rectangle.

Recently, Evans er al.' and Laiho et al.*° have inde-

pendently reported the dependence of electron paramagnetic
resonance (EPR) intensity of singly ionized oxygen vacan-
cies V¢ on illumination time. This dependence was surpris-
ingly similar to that of the DL band PL intensity in the
current study; namely, initial rapid growth was followed by a
steady decrease. Meanwhile, it has been illustrated that the
DL band peaked at 2.15, 2.37, and 2.55 eV as hydrothermal

J. Appl. Phys. 109, 123516 (2011)

Zn0O was annealed in ZnO, O-rich, and Zn-rich atmospheres,
respectively.® In addition, the 2.37 and 2.55 peaks could be
easily switched by solely varying annealing atmospheres.®
Borseth et al.® attributed the 2.15, 2.37, and 2.55 bands to
Li-related, V,,, and V, point defects, respectively. In another
study, Studenikin er al.® have also claimed that annealing in
oxygen-deficient atmospheres resulted in the green band
emission (2.43 eV), while annealing in oxygen-rich atmos-
pheres resulted in red band emission (1.94 eV). Furthermore,
Zhao et al.'® have attributed the band peaking at 2.38 eV to
V., based on the fact that Zn implants exerted more influ-
ence over the PL intensity than O implants. On the basis of
the studies mentioned above, we discuss the abnormal varia-
tions of the DL band with implantation dose and illumination
time, as follows.

Following the assignment of Zhao et al.,' suppose that
the green emission was due to the Zn-related defect transi-
tion (we presume that it is the Zn; — V. transition).'” Im-
plantation introduced more V, point defects (V, V{, and
V§™), which facilitated the conduction band to V) transition
(CB — Vg ) in the orange region; therefore, the DL band red-
shifted with implantation dose. During illumination, a V
center released an electron,w’21 thus, the Vg concentration
initially increased; further illumination reduced the V| con-
centration via the hole trapping reaction V§ +h — V§+.21
This explains the variation of the DL band PL intensity with
illumination time and, partly, the blueshift after long time
exposure. However, the model could not explain why the DL
band blueshifted after short time exposure when the increase
in V§ concentration still occurred. The model would contra-
dict the studies of Bgrseth et al.® and Studenikin et al.®

On the contrary, following the assignment of Bgrseth
et al..® suppose that the green band was due to a V-related
transition (we presume that the oxygen vacancy is V(| in this
case); there are two scenarios here. First, implantation with
Snt ions reduced the relative V{§ concentration in compari-
son with that of other defects. According to Bgrseth et al..®
the redshift with implantation dose could be attributed to the
Li-related defect, for which the relative concentration
became dominant. Furthermore, illumination recovered the
relative V| concentration via the electron-releasing mecha-
nism (see the previous paragraph) as evident in the initial
growth in the DL band PL intensity, and the band blue-
shifted. Second, implantation increased the VJ concentra-
tion. As indicated by the XRD data (see Fig. 1), formation of
complexes such as multi-vacancies, multi-interstitials, or
even dislocations occurred, including V{-complexes. Fur-
thermore, the DL band redshifted with implantation dose
because either (1) the VJ-complexes were still radiative and
their energy was smaller than the energy of individual point
defects, as argued by Studenikin er al.®; or (2) the complexes
were non-radiative and emission from Li-related defects
became dominant, as argued by Berseth er al.® During illu-
mination, the complexes dissociated and the number of indi-
vidual point defects increased, which in turn caused the DL
band blueshift and an initial PL intensity increase. However,
it is unclear which mechanism accounted for the dissociation
of the complexes, given a small variation in temperature dur-
ing illumination. Moreover, both scenarios could not
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naturally explain the next stage when the DL band continued
blueshifting as the band intensity decreased.

Clearly, more investigations are necessary to satisfacto-
rily explain the abnormal behaviors of the DL band.

V. CONCLUSION

Hydrothermal ZnO wafers were implanted at RT with 60
keV Sn™ ions to doses of 3.6 x 10'%, 4.1 x 10", 8.0 x 10",
1.6 x 10", and 2.5 x 10" ions/cm>. These wafers were exam-
ined by photoluminescence (PL), atomic force spectroscopy
(AFM), and X-ray diffractometry (XRD) techniques. The PL
intensity significantly decreased in the wafers implanted to the
doses of 4.1 x 10" ions/cm? and higher. The AFM measure-
ments indicated that the roughness variation was not the cause
of the significant decrease in PL intensity. Furthermore, under
illumination of the He-Cd laser 325 nm line the DL band peak
in the PL spectra of the implanted samples blueshifted, and
the DL band intensity first increased and then steadily
decreased with illumination time. The illumination time de-
pendence of PL intensity was similar to the dependence of
EPR V{ signal reported previously.'*?° The abnormal behav-
iors of the DL band were discussed.
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